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• • ABSTRACT
In high strength low alloy steels, the deformation, restoration and precipitation effects
which occur during finish rolling in the austenitic condition are difficult to study
because of transformation to ferrite and/or martensite on cooling. In the current
research program, a series of Fe-31Ni-0.15C analogue alloys (with and without
0 . 0 2 % N b ) , which remain austenitic on cooling to r o o m temperature, were prepared to
allow a more detailed study of phenomena occurring during simulated finish rolling.
The kinetics of static softening and precipitation were studied using uniaxial
compression testing, hardness testing, optical microscopy, and scanning and
transmission electron microscopy. Specimens were deformed in uniaxial compression
at a constant strain rate of 0.7sec_1 to strains of 0.25, 0.5 and 0.9 in the temperature
range of 850-1000°C, followed by holding at the deformation temperature before
quenching.
Retardation of static recrystallization was produced by either niobium in solution
and/or strain-induced precipitates of N b C . Static recrystallization in the niobium steel
was retarded w h e n niobium was in solution, due to solute drag, by approximately an
order of magnitude compared to the niobium-free steel. However, m u c h stronger
retardation in the niobium steel was observed w h e n strain-induced precipitates were
formed, due to the interaction between dislocations and strain-induced precipitates.
An increase of strain and/or temperature accelerated the rate of recrystallization.
Deformation bands and distorted recrystallization twin boundaries were observed in
as-deformed structures for all strains. Although grain boundaries were the most
potent sites for recrystallization, nucleation at twin boundaries w a s also observed to
occur at a lower rate, after deformation to strains of 0.5 and 0.9. During the early
stages of recrystallization, nuclei formed preferentially at serrated boundaries
produced by thermally induced boundary migration.

T h e experimental evidence

indicated that serrations reached stable sizes and did not progress into recrystallization
by strain-induced grain boundaries motion.

Rather, recrystallization appeared to

proceed from heavily deformed pocket between the serrations by
coalescence.

n

subgrain

T h e formation of bands of recrystallized grains in zones around boundaries at high
strains indicated the operation of subgrain growth and/or subgrain coalescence
mechanisms. Nucleated grains tended to grow into only one side of the t w o deformed
grains. A heavily twinned structure w a s observed in growing recrystallized grains and
after recrystallization, consistent with the low stacking fault energy of these steels.
Recrystallized grain size decreased markedly with increasing strain and only slightly
with decreasing temperature. T h e recrystallized grain size data were found to be
closely predicted by the equations proposed for statically recrystallized austenite in CM n and Nb-microalloyed steels. In addition, existing equations for predicting the
recrystallization times were found to be consistent with the experimental kinetics data
obtained in the present work.
It was observed that the dislocations, subgrain boundaries, and grain boundaries were
the preferential sites for strain-induced N b C precipitation. Very small precipitates
(<3nm) were responsible for retardation of recrystallization by the pinning of subgrain
boundaries and grain boundaries.

Increasing strain significantly accelerated

precipitation. Precipitate coarsening w a s observed in the recrystallized grains as a
result of the migration of the recrystallization interface. Precipitates temporarily
pinned the unrecrystallized-recrystallized interface until coarsening by preferential
dissolution of fine particles permitted the unpinning of the recrystallization front.
Coarsened, m o r e widely spaced particles were observed in the recrystallized regions.
A thermodynamic model for precipitation w a s found to provide a satisfactory
description of the precipitation start time for precipitation of niobium carbide in
austenite.
By using an analogue alloy, this work provides the first direct observations of NbC
precipitation behaviour in deformed austenite under simulated hot working conditions
and confirms, the interactions occurring during finish rolling of low carbon niobium
steels, which have been previously inferred using indirect experimental techniques.
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1. INTRODUCTION

Thermomechanical processing of high strength low alloy ( H S L A ) steels has been of
great importance to the steel industry over the last three decades. These steels have
been produced as plate, sheet and more recently as bar and forged components with
improved mechanical properties for use in structural applications, in the transport
industry and for oil and gas pipelines. Thermomechanical processing saves energy in
steel fabrication by reducing or even eliminating heat treatment after hot deformation,
thereby increasing the productivity of high grade steels.

The main purpose of thermomechanical processing of HSLA steels is to refine the
ferrite grain size, and therefore, to increase both the strength and toughness of the
steel in the hot rolled condition. In this processing, finish rolling is performed at
temperatures lower than the recrystallization temperature. A series of heavy strains at
lower temperatures leads to the formation of severely elongated (pancaked) austenite
grains.

A high density of defects in the elongated austenite grains enhance the

Chapter
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potential nucleation sites for ferrite formation following austenite to ferrite
transformation, resulting in a fine ferrite structure.

The structural changes occurring during thermomechanical processing are mainly
recovery, recrystallization and precipitation. Such processes are a function of
composition, temperature, strain, strain rate, interpass time between rolling passes,
and cooling rate. These factors influence the mechanical properties of steel in the
final products. Hence, a good understanding of underlying physical metallurgy is
required to properly control these influencing factors.

Additions of alloying elements play a significant role in improving the properties of
HSLA steels by processes of grain refinement and precipitation strengthening. The
alloying elements of niobium, vanadium and titanium are added to steels individually
or in combinations up to 0.1 wt% and have therefore been described as
"microalloying" additions, and the steels as being "microalloyed". The presence of
microalloying elements as solute atoms and small precipitates modifies the recovery
and recrystallization processes. The precipitation of fine carbides, nitrides and
carbonitrides of these elements retard recrystallization as well as grain growth by
pinning the austenite grain boundaries and subgrain boundaries, leading to a pancaked
austenite structure before austenite to ferrite transformation. Numerous small
particles appear after completion of austenite to ferrite transformation due to the

much lower solubility of particles in ferrite than austenite, leading to precipitation
hardening of ferrite.

Although numerous investigations and considerable progress have been made in
thermomechanical processing of HSLA steels over a period of some thirty years, the

basic understanding of precipitation and static softening taking place in austenite is

still incomplete, and some controversies and contradictions still remain on interacti

Chapter One
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These

uncertainties are mostly due to the lack of direct observation of the austenitic
structure because of its transformation to ferrite or martensite on cooling to room
temperature. In this case, prior austenite grain boundaries can only be revealed
indirectly with the aid of special etchants.

The above difficulties can be eliminated in the case of austenitic steels which are s
down to room temperature. A series of austenitic alloys were designed in the present

work in order to study the structural and substructural changes in austenite produced
by hot deformation and the interaction effects of both solute niobium and niobium
carbide precipitation. The aims were to attain a better understanding of the static
restoration behaviour and to acquire information on which to base better control of
the structural changes taking place during thermomechanical treatment of
microalloyed steels.

• • (fyuiftt&i * 7 W
2. LITERATURE SURVEY

2.1 Development of HSLA Steels
During the past two decades, major progress has been m a d e in developing highstrength low-alloy structural steels based on the relationships which have been
determined between microstructure and mechanical properties. The requirements for
these steels are:
(1) higher yield strength,
(2) a low transition temperature as well as high resistance
to brittle cleavage and low-energy ductile fracture,
(3) good weldability,
(4) good cold forming, particularly by bending, as well as
ductility andfractureresistance in the through-thickness
direction,
(5) high fatigue resistance, and

Literature Survey
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cost using hot-rolled rather than heat-treated

sections, plus higher ingot yields.
These significant demands can be met by control of the thermal and mechanical
processing history.

The term "high strength" for HSLA steels is only in relative in the sense of
comparison with mild steels, in this case yield strength of 350-700 M P a (50-100 ksi)
are considered high. O n the other hand, the term "low alloy" in these type of steels
means that they contain low amounts of elements and low carbon concentration but
minor amounts (less than 1%) of strong carbide and/or nitride forming elements,
which are called microalloying elements.

Other terms such as those listed below, have been used to describe certain types of
H S L A steels (Porter and Repas, 1982).

(1) The term "control rolled steels" has been applied to steels that have been hot
rolled according to a predetermined rolling schedule designed to develop a highly
deformed austenite structure that will transform to a very fine equiaxed ferrite
structure on cooling.

(2) The term "pearlite reduced steels" has been applied to steels strengthened by ver
fine-grained ferrite and precipitation hardening but with low carbon content and
therefore little or no pearlite in the microstructure.

(3) The term "weathering steels" refers to steels designed to exhibit superior
resistance to atmospheric corrosion.

(4) The term "microalloyed steels" is used for steels with very small purposeful
additions (generally below 0.1% each) of such elements as niobium, vanadium,

Chapter Two
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titanium, boron, zirconium, rare earths, and calcium, that are added for refinement

of grain size, precipitation hardening, hardenability, and inclusion shape contro

(5) The term "dual phase steels" refers to steels processed to a microstructure o

ferrite containing small, uniformly distributed regions of high-carbon martensite
that results in a product with low yield strength and a high rate of work
hardening, thus providing high strength and superior formability; and

(6) The term "acicular-ferrite steels" has been applied to very low carbon steels
sufficient hardenability to transform on cooling to a very fine high-strength
acicular-ferrite (low carbon bainite) structure rather than the usual polygonal
ferrite structure.

HSLA steels are widely used for bridges and buildings, ships, pressure vessels, t
and pipelines, and transport engineering and vehicles (Dewsnap et al., 1973;
Pickering, 1978; Porter and Repas, 1982).

2.1.1 Historical Survey
The history of the development of High Strength Low Alloy (HSLA) steels shows

evidence of changing of the marketing criteria on which the steels were based. Th

steels have been in existence for about sixty years, beginning with COR-TEN steel
which was designed for use in the automobile industry to reduce dead weight,

increase strength, increase payloads, prolong fleet life and reduce operating co
1958; Porter and Repas, 1982).

In the 1930s a number of other properties of HSLA steels were obtained by differe

steel producers, each grade using the strengthening effects of two or more of the

elements manganese, silicon, copper, phosphorus, molybdenum, chromium and nickel.

Chapter Two

Literature Survey

7

These first products were developed for sheet, plate and structural grades, and

contained relatively large additions of these solid solution strengthening elem
obtain a combination of high yield strength (345-415 MPa), improved impact
properties and high atmospheric corrosion resistance.

In the 1940s the strengthening effect of niobium, vanadium and titanium were

recognized and vanadium was the first element to be used as a microalloying addi

in a number of structural, sheet and plate grades. Vanadium continued to be pref

until the late 1950s when the price and availability of niobium became competiti
with vanadium.

The first kind of niobium containing steel was produced in 1958 with a minimum y
strength of 310 to 415 MPa. Niobium in these steels, as for vanadium, increased

strength through precipitation hardening but, in addition, it provided strengthe
refining the ferrite grain size,

After World War II, attention was focused on fracture toughness and the ductile-

brittle transition temperature of plate steels because of brittle fractures in s

pressure vessels and such welded structures and bridges (Porter and Repas, 1982)

the 1950s, the concept that the ductile-to-brittle transition temperature can be

by the refinement of ferritic grain size was established (Heslop and Petch, 1958
that time, deoxidization by the addition of aluminium and an increase in the
manganesexarbon ratio were adopted to improve notch toughness.

During the 1960s, concern for the fracture characteristics of higher strength st

resulted in a significant improvement in knowledge of the physical metallurgy of
HSLA steels. This research, which has conducted in Japan, Europe and North
America focused on:

Chapter Two
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(1) development of a better understanding of the strengthening mechanisms involved
in HSLA steels and the relationships between the type of strengthening and its
influence on the ductile-to-brittle transition temperature,
(2) study of the interactions among the thermomechanical history, composition and
strength,

(3) development of an understanding of the factors affecting the grain size in hot
rolled steels, and
(4) understanding of the role of steel cleanliness with respect to toughness and
development of methods for controlling cleanliness and inclusion morphology.

The results of this research led to the development of modern, strong, tough, weld
HSLA steels in the 1970s. These steels contained low carbon content (max 0.13%),

microalloying elements to produce grain refinement and precipitation hardening, so

solution elements for strength and control of austenite transformation characteris
and inclusion shape controlling additions to minimize anisotropy in ductility.

High-strength low-alloy steels were developed further by raising the niobium and/o
titanium content and lowering the carbon content or adding nitrogen to low-carbon

vanadium steels. It has also been found that control of the temperature range of t

austenite to ferrite transformation by use of alloying additions and/or by control

cooling rate, is important to optimize ferritic grain size and carbonitride precip

size. This latter result subsequently led to the development of very high strength

acicular ferritic steels which combine solid solution, precipitation and grain ref

strengthening with substructure and dislocation strengthening (Coldren et al. 1977

Chapter Two
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2.1.2 Importance of Grain Refinement

High-strength low-alloy steels can be strengthened by methods such as microalloyi
additions, continuous casting and controlled rolling. The strengthening mechanisms
of all these methods are grain refinement, solid solution strengthening, proportion
pearlite in the microstructure and precipitation hardening (Pickering, 1978).

Because two of the most significant requirements of HSLA steels are high yield
strength and low impact-transition temperature, grain refinement is the only
strengthening mechanism which produces these properties with no obvious

disadvantages (Figure 2.1) (Pickering, 1978 ). Figure 2.1 also shows that the pearli
precipitation hardening and solid solution hardening due to carbon are the least
desirable methods of increasing strength of structural steels.

The proportion of pearlite in a microstructure has a significant effect on tensil

strength, but negligible effect on yield point. Moreover, an increase in pearlite ca
the impact properties to deteriorate.

Solid solution strengthening effects of substitutional elements are small, and are

generally outweighed by an opposite effect on the impact resistance. Interstitial

solution elements have a much greater effect, but are detrimental to impact resistan

Precipitation hardening by carbides or nitrides leads to a significant increase i
strength, but this effect is associated with decreased impact resistance.

Several workers (Kanazawa et al., 1976; Greday and Lamberigts, 1977; Pickering,

1978) have given attention to quantification of the factors affecting the propert
HSLA structural steels, and a number of relationships have been proposed. All such

Chapter Two
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relationships link yield stress and impact transition temperature with grain size. The
equations conform with the following relationships.

(I) Hall-Petch equation:

i_

av=o/+fcvrf~2

(2.1)

(II) Petch equation:

_i_

07) =lnB-\nC-lnd~2

(2.2)

where, Gy : yield stress
o,: friction stress needed to move a dislocation through the lattice
ky: grain boundary locking term
d: average grain diameter
p : material constant
Tj: impact transition temperature
B : measure of resistance of the lattice to distortion
C : measure of the difficulty of crack propagation

Equation (2.1) indicates that if a, and ky can be treated as constants for a stee

given condition, yield stress (o\) increases as grain size (d) decreases (Figure
(Porter and Repas, 1982). The concept of Equation (2.2) is illustrated in Figure

i.e. the impact transition temperature decreases with decreasing ferrite grain si

Ferrite grain refinement in hot rolled steels results from increasing the number

nucleation sites for ferrite. The ferrite grain size achieved following the aust

12
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ferrite transformation on cooling depends strongly upon the size of the austenite
grains from which ferrite is formed because of the strong tendency for nucleation
ferrite on austenite grain boundaries. Therefore, small ferrite grain size can be
obtained by control of deformation conditions to produce a fine unrecrystallized

austenite and by decreasing the austenite-to-ferrite transformation temperature (I
et al, 1970; Gray, 1972; Gladman et al., 1977). The first of these two factors is

more important one, and is the reason that the subject of controlled rolling (i.e.

heavily deforming the austenite below the recrystallization temperature) has recei
so much attention over the last two decades.

2.1.3 Review of Development of Controlled Rolling
As described in Section 2.1.2, ductility, strength, toughness at low temperature,

impact transition temperature, and weldability are the most important properties o

high-strength low-alloy steels. These properties can be achieved by controlled rol
processes which combine thermomechanical processing and phase transformation.

The controlled rolling process consists of heating the slab to an optimum temperat

controlling both deformation and temperature during rolling, and cooling the finis
steel plate according to a specific schedule. This process saves energy in steel

manufacture by minimizing or even eliminating heat treatment after hot deformation
thus increasing the productivity for high-grade steels.

The main difference between conventional hot-rolling and controlled-rolling is tha

the former, ferrite grains nucleate exclusively at austenite grain boundaries, but

latter, nucleation occurs at grain boundaries as well as grain interiors, and lead

large reduction in the final ferrite grain structure. During controlled rolling, a
austenite grain is divided into several blocks by deformation bands which are

Chapter Two
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equivalent to the austenite grain boundaries, so increasing ferrite nucleation sites

during austenite-to-ferrite transformation. Therefore, the major purpose of control

rolling is to refine the structure of the steel, leading to an increase both in str
toughness.

The first commercial product through controlled rolling was carbon-manganese plates
for ship-building in the 1950s (Vanderbeck, 1958), and in 1958, the first niobium-

containing high strength steel plates were produced (Great Lakes Steel Corp, 1960).

It is quite clear that the mechanical properties of rolled products can be improved
when they are rolled to low finishing temperatures. The low-temperature finish

rolling practices for controlled rolling niobium-containing high strength steels an
carbon-manganese steels are quite similar but the metallurgical basis is totally
different. As will be discussed in detail later, low temperature rolling elongates
unrecrystallized austenite grains in the controlled rolling of niobium-containing

but refines the recrystallized austenite grains in the controlled rolling of carbon
manganese steels (Takeuchi et al., 1980).

The precipitation of microalloying elements, particularly as NbC and Nb(C,N), in th
austenite during hot rolling raises the temperature at which recrystallization of
austenite ceases (recrystallization-stop temperature), and thus provides a broader
temperature range in which the steel can be hot-worked to produce highly deformed
austenite.

Development of controlled rolling of HSLA steels continued through an

understanding of the effect of low reheating temperature on ferrite grain refinemen

the 1960s (De Kazinczy et al., 1963; Gondoh et al, 1967). This led to production of

very tough niobium-containing steels in 1963, due to the first introduction of lowtemperature reheating into commercial production by controlled rolling (Gondoh et

Chapter Two
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al., 1967). It should be noted that the low-temperature reheating of slabs is one of

the necessary technical requirements of present-day controlled-rolling in order to
decrease the rolling temperature at least in the early stages of rolling, and to
rolling from temperatures at which the slabs have fine austenite grains.

Studies of commercial production of HSLA steels in 1969 led to some results in 197
which can be summarized as follows.

(1) Deformation bands generated in unrecrystallized austenite, deformed

recrystallization twin boundaries and grain boundaries are the nucleation sites fo

ferrite grains, giving a large surface area for transformation of austenite to fer
(Sekine andMaruyama, 1972).

(2) To achieve a uniform small ferrite grain size, it is necessary to refine the i
austenite grains or use high total reduction at low temperatures (Fukuda et al.,
1977; Kozasu et al, 1977).

(3) Lowering the finish rolling temperature into the (austenite+ferrite) two phase
region increases strength and decreases the ductile-to-brittle transition
temperature due to the strain induced substructure and the further refinement of
ferrite grains (Fukuda et al, 1977; Tanaka et al, 1977a).

(4) The addition of niobium results in better notch toughness than vanadium, when
compared at the same strength level for steels continuously rolled down to 900°C
(Matsubara et al, 1972). Simultaneous additions of niobium and vanadium are
favourable for improved weldability and higher strength (Matsubara et al, 1972;
Yamaguchi et al, 1977).
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(5) A n improvement in notch toughness of niobium-containing steels can be achieved
by lowering the recrystallization temperature of austenite to 950-900°C (Sekine
andMaruyama, 1973; 1976).

After 1970, further developments of controlled rolling of HSLA steels were achieved
by introducing bainitic steels and extra-low-temperature reheating.

By lowering the carbon content and increasing the manganese content in controlled

rolled niobium-containing steels, low-carbon bainitic steel and acicular ferrite st
were introduced in 1972 (Little et al, 1973; Tither and Lavite, 1975). These steels
had increased proof stress and increased ultimate tensile strength compared with
conventional ferrite-pearlite steels.

It is well known that the additions of niobium raise the austenite grain-coarsening
temperature during the reheating of slabs (Gladman and Pickering, 1967). But in the

case of conventional structural steels not containing microalloying elements, or whe
significant strengthening by niobium additions is not expected, and/or vanadium is

added as a strengthening element, the use of reheating temperatures below the graincoarsening temperatures makes it possible to start the hot deformation process from

the fine-grained austenite condition which is effective in increasing the toughness.

Very small additions of titanium (0.005-0.02%) can suppress the growth of the

austenite grains in the heat-affected zone of welds, because of the presence of fine

dispersed titanium nitrides which pin the austenite grain boundaries (Kanazawa et al
1976).

When titanium is added to niobium-containing steels, it is possible to start hot

deformation after reheating slabs in which there is no austenite grain coarsening, b
in which sufficient niobium is dissolved to retard recrystallization. This led to
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development of n e w acicular steels described as Ti-microalloyed M n - M o - N b - V steel
and ultra low-carbon steel (Gondoh et al, 1979; Nakasugi et al, 1980).

The use of accelerated cooling, which is known "controlled cooling", is another
aspect of thermomechanical processing of H S L A steels. This technique makes it
possible to decrease the austenite-to-ferrite

transformation

temperature

and

consequently, refine the ferrite grains.

In summary, controlled rolling can be described in term of the following steps:
(1) suitable selection of chemical composition,
(2) a correct slab-reheating temperature to obtain small and
uniform austenite grains,
(3) austenite grain refinement due to repeated deformation
and recrystallization,
(4) deformation

in the non-recrystallization region, or

deformation in the (austenite-ferrite) two phase region,
and
(6) controlled cooling.
It should be noted that modern controlled-rolling comprises all or most of these
requirements (Tanaka, 1981).
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2.2 Austenite Restoration Phenomena
In hot working practice, grain refinement can be achieved in the high temperature

range by repeated deformation and recrystallization of austenite. Therefore it is ve
important to understand the fundamental aspects of the dynamic changes that take
place during deformation, and the static changes that take place between each
deformation stage.

After a deformation stage in industrial processing, the workpiece is often held at t
working temperature either until the next pass or until cooled. Static restoration
taking place during such periods is important because the time between deformation
steps or after the completion of working is usually much longer than the actual

deformation cycle. Static processes have a strong effect on the properties for futur
forming and/or for service.

Static restoration processes which occur in austenite in the recrystallization regio
be divided into three distinct categories:

(1) static recovery which involves annihilation of dislocations in individual events
(2) static recrystallization in which dislocations are simultaneously eliminated in
numbers as a result of motion of high angle boundaries, and
(3) postdynamic or metadynamic recrystallization in which recrystallization
commences from a dynamically recrystallized austenite.
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2.2.1 Dynamic Restoration
When steels are deformed at low strain rate at elevated temperatures, both slip
deformation and grain boundary sliding take place (McQueen and Jonas, 1975). The
former arises from movement of dislocations and the latter depends significantly on
temperature and strain rate. When steels are deformed at high strain rate at high

temperatures (such as during hot rolling), only slip occurs by the increase in densit
and movement of dislocations without any significant effect due to solute atoms
(McQueen and Jonas, 1975). Thus, recovery takes place to some extent during work
hardening. Recrystallization can also occur during deformation consequent upon the
dislocation density increasing to a certain value. Recovery and recrystallization
take place during deformation are called dynamic recovery and dynamic

recrystallization, respectively. Investigations (Jonas et al, 1969; McQueen and Jon
1975; Roberts et al, 1979; Sellars, 1978) have shown that for an appropriate strain
rate and temperature, metals with high stacking fault energy (e.g. aluminium and
ferritic alloys) experience dynamic recovery whereas metals with low stacking fault
energy (e.g. copper and austenitic alloys) undergo dynamic recrystallization. Once
deformation is complete, the microstructure and substructure may continue to change
by static processes, analogous to the dynamic processes. These restoration processes

determine the structure and, in turn, the final properties. Figure 2.3 illustrates th
general behaviour of the flow curve during hot deformation of austenite.

As shown in Figure 2.3, the flow stress increases during initial straining. This is d

to the generation of dislocations as grains become elongated. This process is defined

as work hardening. The rate of work hardening starts to decrease by the initiation of

dynamic recovery and later can be significantly modified by dynamic recrystallizat

20

Literature Survey

Chapter Two

Work
Hardening
T R U E STRESS

Dynamic
Recrystallization
Z = eExp(Q/RT)

T R U E STRAIN

Figure 2.3

Schematic

representation of hot flow curve for austenite

(Speich et al, 1984).
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Figure 2.4

Schematic representation of structural state of austenite at

various stages of deformation (Speich et al, 1984).
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The decrease in the work hardening rate due to dynamic recrystallization is large
compared to that in dynamic recovery, because the formation of new grains in

dynamic recrystallization consumes much of the energy stored during work hardening,
and a significant reduction in dislocation density takes place. In contrast, only
change in total dislocation density occurs by dynamic recovery.

Investigations have shown that the main variable of the process of hot working whic
determines work hardening and dynamic restoration processes, are the rolling
temperature and strain rate (Sah et al, 1974; Roberts et al, 1979; Sellars, 1980;

Speich et al, 1984). The effects of temperature and strain rate are often taken int
account by the Zener-Hollomon parameter, Z (Zener and Hollomon, 1944).

Z = e exp -^- (2. 3)

\RT)

K

}

where, e : strain rate (sec"1)
Q : the activation energy for deformation (J mole"1)
R : the gas constant (J mole"1 K"1)
T: temperature (K)
When deformation takes place at low temperature and high strain rate (high Z), the
deformed microstructure retains a highly unstable dislocation structure which can

be modified by static recovery and recrystallization. When deformation occurs at h

temperature and low strain rate (low Z), it produces a flow curve indicative of in
work hardening followed by dynamic restoration processes. The parameters, scr and
ecR in Figure 2.3 are the critical strain for onset of dynamic recovery and
recrystallization, respectively, and ep is the strain to peak stress in the process

dynamic recrystallization. Studies have shown that the characteristic quantities e

6CR, sp, the stresses to ecr, scR, sp, and the steady-state stress all increase syste
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with decreasing temperature and/or increasing strain rate (Sah et al, 1974; Roberts et
al, 1979; Sellars, 1980a).

At a strain below £cr, the flow stress rises with strain due to dislocation multiplic
and vacancy formation which cause the work hardening of austenite. At a strain
greater than ecr, and less than 8CR, the structure becomes unstable and rearrangement
of defects takes place. These changes cause the formation of a well defined cell
structure (Sample, 1987).

In materials which undergo dynamic recovery, as strain proceeds to ecr, the

dislocations arrange themselves into a cellular structure with cell walls providing a
sink for redundant dislocations. The rate of work hardening decreases as the rate of
dislocation annihilation approaches the rate of dislocation generation. In the next
stage, the rate of annihilation and generation of dislocations are balanced and

dislocation density remains constant despite increasing strain. This stage concludes
a steady state stress where subgrains remain equiaxed although the parent grains
become elongated with increasing strain (McQueen and Jonas, 1975). Because only a

few sub-boundaries are able to migrate, the equiaxed substructures are a result of th

constant decomposition and reformation of cell walls in the process of polygonization
(Jonas etal, 1969; McQueen, 1977).

Studies have shown that the mechanisms of dynamic recovery may be attributed to
thermally activated processes of dislocation glide, climb and cross-slip (McQueen,
1977; Thompson, 1977). Therefore, the formation of subgrains depends on the
capacity of dislocations to leave their slip planes.

In materials which undergo dynamic recrystallization, dynamic recovery is the only
restoration mechanism operating during the initial work hardening. However,
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because of low stacking fault energy, dislocations introduced to the lattice may b
extended over their slip planes making dynamic recovery difficult.

Once a critical dislocation density is reached, associated with a strain higher th
but less than £CR, the structure becomes unstable and the rearrangement of defects
takes place. Formation of new grains or, in other words, initiation of dynamic

recrystallization occur at £CR. The recrystallized grains are formed preferentially
grain boundaries, subgrain boundaries and deformation bands (Doherty, 1974;
Roberts et al, 1979; Roberts and Ahlblom, 1978; Humphreys, 1981).

As deformation proceeds, the softening rate attains a maximum value and the stress
decreases gradually to a steady-state value where the work hardening and dynamic
recrystallization are balanced. Investigations (Sellars et al, 1972; McQueen and
Jonas, 1975; Roberts et al, 1979; Sakai, and Jonas, 1984; McQueen and Jonas, 1984;
Sellars, 1984) have shown that dynamic recrystallization initiates at a strain of

0.8 £p where £p is the strain at peak stress. Deformations between £CR and the port

of the curve where steady state is observed, produce a mixture of elongated origin

grains and dynamically recrystallized grains. The microstructural evolution occurr
during various stages of dynamic recrystallization are compared to the
microstructures produced during work-hardening in Figure 2.4.

In stainless steels, carbon steels and other alloys, initiation of dynamic recrysta

at original grain boundaries results in the typical "necklace" structure, which is

apparently related to formation of grain boundary serrations associated with subgr
(Roberts et al, 1979; Sellars, 1980; McQueen and Jonas, 1984). The reaction

continues by successive necklaces of new grains which form around the periphery of

an old grain until it is completely consumed. Finally, with initiation of steady s
dynamic nuclei continue to form distributed throughout the specimen. Complete

Chapter Two

Literature Survey

24

dynamic recrystallization is associated with replacing the initial equiaxed grain
structure by another equiaxed one. The progress of dynamic recrystallization has
been modelled by Sellars (1986), as shown in Figure 2.5.

Some workers (Sellars, 1980; Ouchi and Okita, 1982) have shown that the

characteristics of dynamically recrystallized austenite are irregular grain boundari
mixed grain size and a low density of annealing twins. Furthermore, Luton and
Sellars (1969) indicated that a dislocation substructure is present in metals which
experience dynamic recrystallization. This substructure is less well defined and is
smaller in size than the substructure of metals which undergo dynamic recovery.

The effect of initial grain size on the flow behaviour and kinetics of dynamic

recrystallization have been the subjects of several studies (e.g. Roberts et al, 197
Cuddy, 1981). These studies have shown that as the initial grain size of austenite
decreases, the work hardening rate increases and consequently £cr and £p decrease,

leading to an increase in the overall rate of dynamic recrystallization. Thus, a lar

initial grain size leads to decreased recrystallization kinetics and requires a hig
strain for the commencement of recrystallization.

Although the principal nucleation sites for dynamic recrystallization are grain
boundaries, some studies have shown that the size of the recrystallized grains does
depend on the initial grain size, and is determined only by the strain rate and
deformation temperature (Kozasu, 1977; Ouchi and Okita, 1982; Sekine et al, 1982).
Besides, it was found that the initial grain size influences the homogeneity of the
recrystallized grains (Cuddy, 1981).

Some investigators (Le Bon et al, 1975b; White and Owen, 1980; Weiss and Jonas,
1980; Jonas and Akben, 1981; Weiss et al, 1982; Tiitto et al, 1983) considered the
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dynamic

recrystallization when the recrystallized grain size is much
smaller than the original grain size, according to Sellars
(1986) (Gottstein et al, 1995).
(a) For strains below £ c the microstructure consists only of
the parent grains.
(b) A first necklace has formed at prior grain boundaries.
(c) A second necklace expands the dynamic recrystallization volume into the grain interior.
(d),(e) Expansion of the dynamic recrystallization volume
to consume the grain interior.
(f) Corresponding flow curve.
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effect of solute atoms and second phase particles on dynamic recrystallization. These
workers indicated that for a high strain rate, the onset of dynamic recrystallization
retarded by adding alloying elements, such as niobium, vanadium or titanium to
austenite. Jonas and Akben (1981) have shown that solute drag impedes dislocation
motion and leads to retardation of recrystallization.

Weiss et al (1982) added some alloying elements to high nitrogen steels and showed

that the time to peak stress (tp) increases with increased alloy addition, as shown in

Figure 2.6. In this figure, tp is defined by the ratio of strain to peak stress (£p) a
strain rate. In addition, all steels were corrected to the same grain size of 195 urn

eliminate the influence of grain size on the results. Figure 2.6 indicates that niobiu

has a stronger effect than vanadium on retardation of dynamic recrystallization. It is

also clear in this figure that a further retardation of recrystallization was achieve
when steels were microalloyed with both vanadium and niobium.

In another investigation, Maki et al. (1982) added alloying elements to austenitic
steels and showed that a very small amount of niobium, or a large amount of
chromium, magnesium or nickel retard the dynamic recrystallization of austenite.

It has been accepted that dynamic recrystallization takes place infrequently in the
roughing stage of HSLA steel rolling because the rolling reductions, strain rates and

rolling temperatures do not result in sufficiently low Z values (Sellars and Whiteman,
1979; Sankar et al, 1979; Ouchi and Okita, 1982). In such cases, efficient grain
refinement can only be provided by a static restoration process.
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•Base (.025 N)
* Base (.025 N) + .14 V
oBase (.025 N) + .073 Nb
•Base (.025 N) + .14 V + .073 Nb
Austenitized 1200°C- 30 min
Corrected to D^=195|i.m
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Figure 2.6 Dependence oftp on deformation temperature, corrected

the same initial grain size, 195 \im, (Weiss et al, 1982)
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2.2.2 Static Recovery
The mechanism of static recovery is similar to the mechanism of dynamic recovery,
but in static recovery no new dislocations are being generated. Thus as recovery
proceeds the driving force for recovery decreases. Hence it is not possible to fully
soften a deformed structure by the recovery process alone (Djaic and Jonas, 1973).

In the process of static recovery, the annihilation of dislocations can take place b
approach of dislocation segments of opposite sign, and rearrangement occurs when an

excess of dislocations of one sign tends to redistribute, with or without dislocatio

other slip systems, into a lower energy configuration. The process of annihilation an
rearrangement of dislocations is called polygonization (Cahn, 1949; 1950; Beck,
1949).

By studying bent aluminium single crystal Cahn (1950) proposed that polygonization
is due to the formation of walls of dislocations perpendicular to glide planes which
had been active during original bending. Such walls are composed of edges of one
sign arranged above one another, having a lower total strain energy than the more
random dislocation arrangement (Figure 2.7). Both short-range glide and climb of
edge dislocations are required to form the net walls. Figure 2.8 shows a schematic
representation of edge dislocations forming a tilt boundary triple point.

During static recovery, the dislocation density within the subgrains is reduced and

consequently, the subgrain boundaries become sharper with relatively little change in
size and shape of the subgrains. Coarsening consequently occurs by subgrain
coalescence and growth (McQueen, 1980).

Static recovery is affected by the amount of strain and the strain rate. The rate of
static recovery increases with increasing strain and strain rate due to the higher
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Schematic of realignment of edge dislocations during the
polygonization process, (a) The excess dislocations that
remain on active slip planes after a crystal is bent, (b) The
arrangement

of the dislocations to form

walls during

polygonization (Cahn, 1965).

Figure 2.8

Schematic of tilt boundaries meeting at a "triple point".
The tilt axis relating the orientations of the two subgrains
is normal to the plane of the figure (Cahn, 1983).
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retained dislocation density or driving force associated with these trends. The amount
of static recovery that can occur increases with increasing annealing temperature due
to the greater mobility of dislocations at elevated temperatures. It has also been
shown that the subgrain size increases as the deformation temperature increases and
the strain rate decreases (Sokolkov and Surkov, 1963; Sokolkov et al, 1965).

Alloying elements in solution can influence the stacking fault energy and so affect th
static recovery behaviour. McQueen and Jonas (1975) have shown that the rate of
static recovery increases with the addition of elements which increase stacking fault
energy and decreases with addition of elements which reduce stacking fault energy.

The rate of static recovery is reduced by the presence of precipitates or fine particl
which hinder the movement of dislocations. Studies have shown that in stainless
steels which were alloyed with Nb, subgrain boundaries were the sites for
precipitation of Nb(C,N) (Lombry et al, 1980; 1981). However, pre-existing
precipitates decreased cellularity because of a more uniform dislocation distribution
(McQueen and Jonas, 1975).

2.2.3 Static Recrystallization
The most important softening mechanism in steels is static recrystallization which
results in substantial microstructural changes as the deformed structure is replaced
new strain free grains. It can prevent the accumulation of stored strain between
successive deformation steps and can keep the working load to a similar level (Ryan
et al, 1983). Figure 2.9 illustrates schematically the relation between deformation
and the static recrystallization process. The grain size of statically recrystallized
austenite will determine the final microstructure and hence the mechanical properties
in either transformable or non-transformable steels.
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Figure 2.9

Schematic representation showing the relation between
deformation and recrystallization for materials undergoing
static recrystallization.
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The driving force for static recrystallization is the energy of deformation stored during
the deformation operation which has not been released by recovery. This may
correspond to 90% of the overall stored energy in the deformed matrix, as shown in
Figure 2.10. Measurement of the release of stored energy and a knowledge of the
kinetics of the change are important in understanding the process involved, i.e.
recovery or recrystallization. Most of the stored energy can be released as heat,

which can be readily measured in calorimeters with sufficient sensitivity. Usually the
specimens are annealed in a calorimeter either by an isothermal method, i.e. at a
constant temperature for a period of time, or by an anisothermal method, i.e. with a
fixed heating rate through a selected range of temperatures. The results are usually

shown in the form of a curve representing the rate of energy released as a function o
time or temperature.

Figure 2.10 is a typical presentation of energy released as a function of time during
isothermal annealing at 189.7°C for high purity copper deformed by tension to two
strains (Gordon, 1954; 1955). As shown in Figure 2.10, a small amount of energy
was released during recovery for both strains of 0.16 and 0.28. In other words, the
amount of stored energy released by recovery appeared to be nearly independent of

strain. The recrystallization peak at 189.7°C occurred after a shorter time for a str

of 0.28. It is clear from Figure 2.10 that the rate of recrystallization was high ini
and then decreased with increasing annealing time.

Another example of the energy released during recovery and recrystallization is shown
in Figure 2.11. This figure indicates an anisothermal annealing curve corresponding

to the energy released on heating of cold-worked polycrystalline nickel. The region of
recrystallization is defined by the peak in area C. The curves plotted at the top of

diagram indicate the change in hardness and electrical resistivity as a function of t
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annealing temperature. A s it can be seen in the diagram, the major change in hardness
takes places simultaneously with recrystallization of the matrix, whereas the resistivity
is almost completely recovered before the start of recrystallization.

There are three requirements for recrystallization to take place in a deformed metal
alloy (Dunne, 1975):
(1) the stored energy must be high enough to provide the
driving force,
(2) a steep stored energy gradient should exist to allow a
local instability to develop, and
(3) lattice curvature should be present to allow a growing
nucleus to develop a high angle boundary.
The above requirements are more easily satisfied where extensive recovery has not
occurred. Thus, static recrystallization can takes place more easily in alloys of low
stacking fault energy because the separation of partial dislocations inhibits easy cross
slip, and leads to difficulty in rearrangement of dislocations.

2.2.3.1 Critical Strain and Temperature
A critical or m i n i m u m deformation is needed to produce static recrystallization, which
is generally of the order of 1 0 % ( M c Q u e e n and Jonas, 1975). W h e n the critical strain
is exceeded, an incubation period is passed before the start of recrystallization. The
value of this incubation time depends on temperature and the amount of deformation.

Static recrystallization can begin at temperatures in excess of the critical value (T
provided the strain also exceeds a critical value. Figure 2.12 indicates the relationship
between deformation temperature, initial grain size and critical deformation required
for recrystallization to be completed within 5 sec in both plain carbon and niobium
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steels. T h e critical deformation for recrystallization (R c ) is influenced by the austenite
grain size prior to the deformation (initial grain size) and deformation temperature
(Tanaka et al, 1977c; Kozasu et al, 1977). The critical deformation for
recrystallization increases as the initial grain size increases and deformation
temperature decreases, as shown in Figure 2.12. In addition, the presence of
microalloying elements increases the value of Rc.

At high temperatures, if the deformation is less than Rc, very coarse grains may be
formed locally due to strain-induced grain boundary migration, and as most grains
remain unchanged in size, a non-uniform austenite grain structure results (Cuddy et
al, 1980; Tanaka et al, 1982a, b; DiMicco and Davenport, 1982). It is difficult to

eliminate this mixed austenite grain size by further processing and it is detrimenta
final grain refinement and mechanical properties. However, if the deformation is
sufficient to produce partial recrystallization, repeated deformation may eventually
result in complete recrystallization and a uniform structure.

The critical deformation temperature (Tc), which is also called the "pancaking"

temperature, is not only affected by the amount of deformation, the thickness of slab

and steel composition, but also by the draft schedule from the reheating stage to the
deformation stage just prior to the relevant deformation, which determines the grain
size just prior to deformation (Tanaka et al, 1977; Kozasu et al, 1977)
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of Recrystallization

Studying the progress of recrystallization in austenite by metallography is very

difficult, because the austenitic microstructure present at high temperature cannot be
retained when the steel cools to room temperature. Therefore, to reveal information
concerning the microstructural changes during hot deformation, the steel needs to
rapidly quenched to form a martensitic structure. In this case, the prior austenite

grain boundaries can be revealed by certain etchants, for example saturated picric aci
(Brownrigg et al, 1974).

One of the problems associated with the direct metallographic studies of

recrystallization is the limitation of the steel compositions which can be investigat
due to the necessity to quench to form martensite. Another disadvantage of this

method is the necessity of using a very large initial grain size, to eliminate the er
distinguishing the recrystallized from unrecrystallized grains. However, for more

realistic conditions which approach those in hot rolling, there is a little difference

between the grain size of the initial, unrecrystallized and the recrystallized grains.

Because of difficulties associated with the metallographic method, as explained above,
an indirect method has been used to investigate the recrystallization behaviour of
austenite. This method is called the fractional softening , or interrupted mechanical
test, which can be based on tension, torsion or compression. The technique consists
of heating a sample to a particular hot deformation temperature, loading to a
prestrain, unloading, holding the sample at the deformation temperature for various

intervals, and then reloading to the final strain. The method was first established by
Wilber et al, 1968 by using a "Gleeble" machine designed to deform steels by
tension at high temperature.
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The fractional softening method is based on the change of yield stress measured

during recrystallization. In this technique, the softening parameter is often define
follows:

X = ^^± (2.4)
a

2-CJl

where, X : the fractional softening
Gi : the yield stress at the first deformation
G2 : the yield stress at the end of the first deformation
G3 : the yield stress of the second deformation

A schematic diagram representing the stress-strain curves of the fractional softenin
method is shown in Figure 2.13.

One of the problems with the use of fractional softening methods is the estimation of
the exact amounts of recovery and recrystallization which have taken place.

However, most studies have indicated that there is from 15 to 25% softening by static

recovery before the start of recrystallization, and there is a non-linear relationsh
between softening and recrystallization after commencement of recrystallization
(Yamamoto et al, 1982; Andrade et al, 1983; Kwon andDeArdo, 1991).
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Figure 2.13 Schematic illustration of stress-strain curves of d

deformation and parameters used for fractional softenin
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2.2.3.3 Kinetics of Recrystallization

The kinetics of static recrystallization are usually interpreted in terms of the Avr
equation (Avrami, 1939). This equation is one of the most widely used semi-

empirical models for describing the rate of metallurgical reactions such as recovery,
recrystallization, precipitation and transformation:

X = l-exp(-Btk) (2.5)

where, X : the volume fraction of recrystallized grains
B : the rate constant
t: the hold time for recrystallization
k : the Avrami exponent

The constants B and k are determined not only by external factors which can affect th

recrystallization rate, but also by the reaction mode; i.e: the nature of the nucleat
process and the time dependence of the nucleation and growth rates. The Avrami
exponent, k, can be obtained from plots of log (ln (l/(l-X)) against log t for a
particular set of deformation conditions. It has been found that the k value may

reflect the characteristics of the recrystallization process as the value tends to i
with decreasing temperature (Towle and Gladman, 1979).

It has been found that the kinetics of recrystallization deviate from the normal
behaviour of Equation (2.5) if impurities are added. Vandermeer and Gordon (1963)
added 0.0045% copper to high purity aluminium, and generated the Avrami
relationships for this material after 40% deformation, as shown in Figure 2.14. They

explained that the retardation of recrystallization is due to the concurrent operati
recovery and recrystallization during annealing as shown in Figure 2.15.
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W h e n recovery and recrystallization compete simultaneously, the driving force for

recrystallization decreases continually, which leads to retardation of recrystallizatio
for a particular temperature. Furthermore, the deviation becomes larger as annealing
temperature decreases and/or the impurity content increases.

Investigations of static recrystallization of steels by direct metallographic methods a
of fractional softening method have shown that it is affected by strain , strain rate,
temperature of prior deformation, annealing temperature, initial grain size and steel
composition (Jonas et al, 1969; Morrison, 1972; Djaic and Jonas, 1973; Kozasu et
al, 1977; Katsumata et al, 1982; Ouchi and Okita, 1982). At constant strain rates,
the static recrystallization time decreases by increasing the deformation and holding
temperature and a decrease in the initial grain size. The recrystallization time also
decreases rapidly with increase in annealing temperature.

Numerous investigators (e.g. Djaic and Jonas, 1973; Petkovic et al, 1975) studied the
effect of strain on the kinetics of recrystallization. It has generally been shown that
increasing strain increases the rate of recrystallization and therefore, decreases the
time to completion of recrystallization, by increasing both driving force and the
number of nucleation sites for recrystallization. Increasing strain leads to the
production of deformation bands and subgrains which act as the nucleation sites for
static recrystallization under certain conditions (Barraclough and Sellars, 1979).

The effect of strain rate on recrystallization kinetics has been the subject of several
investigations (Weiss et al, 1973; Petkovic et al, 1975; Luton et al, 1980). These
studies indicated that increasing strain rate decreases the incubation time for

recrystallization and leads to increase of static recrystallization kinetics. The incre
in recrystallization kinetics was ascribed to an increase in dislocation density and
consequently, an increase in driving force. It has been proposed (Kaspar and
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Pawelski, 1989) that the strain rate has a minor effect on static recrystallization

compared to the effect of strain and temperature. However, strain rate will have a

major effect when strains approach the strains required for metadynamic and dynami
recrystallization.

The microstructural changes and recrystallization kinetics of austenite can be
predicted accurately using mathematical models based on physical metallurgy.

Various models have been developed during the last 15 years, based on the complete
microstructural changes throughout hot rolling and cooling (Saito et al., 1984;
Brimacombe et al., 1988; Hodgson and Gibbs, 1990; Abe et al, 1990). Application
of these models is now being utilized in manufacturing of steel products.

The original mathematical models for the recrystallization behaviour of C-Mn and
microalloyed steels were developed by Sellars (1980a) and co-workers (Sellars and
Whiteman, 1979), who used a modified Avrami equation and data from a wide range

of published sources to predict the kinetics of static recrystallization and the g
of statically recrystallized austenite. According to Sellars:

X=l-

t05

where,

and

(2.6)

exp -0.63

=Ae~pd0qZrQxp Qr,

(2.7)

RT

to.5: time to 5 0 % recrystallization (sec)
8: strain
d0 : initial grain size (Ltm)
!
1

Q d^

Z : Zener-Hollomon Parameter (sec" ) = e exp

yRTj
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e : strain rate (sec"1)
T: hold temperature (K)
Qrex : apparent activation energy for recrystallization (Jmol"1)
Qdef '• apparent activation energy for deformation (Jmol"1)
R : gas constant (Jmol'1 K"1)
A,p, q, r : material dependent constants
Sellars (1980a, 1986) quantified Equation (2.7) to be applicable to C-Mn and
microalloyed steels.

The model for static recrystallization of plain C-Mn steel was (Sellars, 1980a):

r0, = 2 . 5 x l O - 1 X 2 e " 4 e x p f % l

(2. 8)

\R1 J

and for static recrystallization of N b microalloyed steels the model was (Sellars,
1986):

^
^
^2.75 x l O 5
-20 .„-,
f 300,000^
-185 [Nb]
t0M = 6.75 x 1 0 - 2 V o e ^ expl ^
jexp

J

(2.9)

J

where ta05 and [Nb] in Equation (2.9) are the time to 5 % recrystallization and the

residual weight percent niobium in solution (wt%), respectively. It should be note
that Equations (2.8) and (2.9) are applicable for strain <ec? where static

recrystallization takes place. In addition, Equation (2.9) is valid only in the hi
temperature regime where niobium remains in solid solution.

The austenite grain size developed by static recrystallization after hot working i
determined by the strain/ strain rate/ temperature/ time relationship during
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deformation. To obtain a small grain size after static recrystallization, it is nec

to decrease the initial grain size and/or the grain size immediately after the fin
pass (Sellars, 1980; Ouchi and Okita, 1982; Sekine et al, 1982). However, it was

shown that in the case of multipass rolling, the final statically recrystallized a
grain size converges rapidly under the influence of multiple reactions, despite
significant variation in the initial grain size, Figure 2.16, (Cuddy, 1980).

The initial grain size may be reduced by using a low reheat temperature and/or by

employing growth inhibiting precipitates. The grain size at the end of rolling may b

refined by using a high strain rate or a low finishing temperature (Weiss et al, 197

Kozasu et al, 1977) or by applying a high final strain (Weiss et al, 1973). However,

some workers have shown that the grain size of the statically recrystallized auste
independent of deformation temperature (McQueen and Jonas, 1975; Sekine et al,
1982).

Empirical models for the grain size of statically recrystallized austenite (drex) h
also been suggested (Sellars, 1980a; 1990):

for C-Mn steels:

drex=Ddo061E-1 (8<8C) (2.10)

and for niobium steels:

drex=Dd0°-67e^67 (£<ec) (2.11)

Sellars (1980a) has shown that these models are well fitted by all of the data ava
in the literature, but the values of the constants D and D' vary from 0.35 to 0.83
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( m m ' ) and from 0.66 to 1.86 (mm 0 , 3 3 ), respectively, depending on steel
composition. Moreover, Equation (2.10) has been assumed to be applicable over the
whole temperature range for recrystallization, but Equation (2.11) applies only at
temperatures >950°C for Nb steels because of severe retardation of recrystallization
by NbC precipitation at lower temperatures.

In addition to deformation parameters, alloying elements can also influence static

recrystallization. Alloying additions present as solute atoms or precipitates can ret
recrystallization, as discussed in Section 2.4.

2.2.3.4 Nucleation Sites for Recrystallized Grains

Several investigations of HSLA and austenitic stainless steels have indicated that the
main nucleation sites for recrystallized grains are grain boundaries (English and
Backofen, 1964; Wusatowski, 1966; Jonas et al, 1969; Kozasu et al, 1971;
Capeletti, et al, 1972; Roberts et al, 1979). Hence, the initial grain size plays a
strong role in determining the number of sites per unit volume available for
nucleation. Grain boundaries are often serrated, particularly at low temperatures,
suggesting that nucleation takes place by strain-induced boundary migration as a
result of local strain energy gradients. The gradients are more pronounced at lower
deformations due to local strain inhomogeneity (Kozasu et al, 1971; Amin and
Pickering, 1982). It has been reported that undissolved precipitates of 0.5 urn or
larger size, may also act as sites for recrystallization (Gladman et al, 1971).

In general, the nucleation sites for recrystallization are regions, such as deformati

bands, which are in the vicinity of grain boundaries as well as at the grain boundarie

At high strains, recrystallized grains are formed on deformation bands by the subgrain
growth mechanism. Kozasu et al (1971) found that the nucleated grains tend to
grow into only one of the two grains instead of straddling the grain boundary. They
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also observed that the distribution of nucleation sites in the vicinity of grain
boundaries was highly inhomogeneous. This behaviour has been explained by
Lagerberg et al (1964), who proposed that the sites favoured for nucleation are those
regions that have been severely work hardened, not only by the primary slip systems
but also by the secondaries which become activated when the strain accommodation
by the former became difficult.

Furthermore, it was found that in stainless steels, intragranular nuclei may be activ
when growth from grain-boundary nuclei has occurred to a considerable extent. The
intragranular nuclei form at regions of high local strain such as twin boundaries and
deformation bands (Kozasu and Shimizu, 1971).

2.2.4 Metadynamic Recrystallization
Metadynamic or postdynamic recrystallization is generally recognised as a type of
static recrystallization, although it commences from a dynamically recrystallized
austenite. Static recrystallization takes place in work-hardened austenite but
metadynamic recrystallization obtains when the nucleation of the new grains takes
place during deformation but the growth occurs after deformation (Djaic and Jonas,
1972).

The term "metadynamic recrystallization" was first given to recrystallization after
dynamic recrystallization by Djaic and Jonas (1972), based on the observation
reproduced in Figure 2.17. In that work, the value of two strains (shown as (a) and

(b)) were less than the strain required to reach the peak stress and, therefore, dyna
recrystallization did not take place during the deformation. The second two strains
were chosen to be a) between the peak and steady-state strains (shown as (c)) and b)
right into the steady-state regime of the flow curve (shown as (d)).
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Figure 2.17 (a) Flow curves and (b) softening behaviour of a 0.68%
carbon steel deformed and held at 780°C (Djaic and
Jonas, 1973).
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T h efirststrain, 0.055 (curve a in Figure 2.17b) was below the critical strain for static
recrystallization and, so, the first cycle of softening shown was attributed to static
recovery. In this stage, only 30% of the total softening was produced by the recovery
process. When the strain exceeded the value required for static recrystallization
(0.098 ), 46% of the softening was ascribed to recovery and 54% to recrystallization
(curve b). The long delay between the operation of recovery and recrystallization is
part of the so called "incubation time" for classical recrystallization.

Prestrain to just beyond the peak strain resulted in a three stages softening reaction
(curve c). Stage one is associated with static recovery. The amount of softening
produced in this stage was 50% which is similar to that of the recovery stage in curve
b. Stage two was proposed to be metadynamic recrystallization. The apparent break

between stages one and two is likely to be due to the different kinetics of the recover
and metadynamic recrystallization reactions. Stage three was attributed to
conventional static recrystallization of the low density regions that had been
dynamically recrystallized and undergone some work hardening prior to unloading.
The softening processes occurring during these three stages have been modelled by
Xu and Sakai (1991), as shown in Figure 2.18.

The curve d in Figure 2.17b indicates that the softening curve for a strain beyond the
peak, approaching the steady-state region, shows two stages of softening. Stage one
is similar to that in curve c and is ascribed to a mixture of static recovery and
metadynamic recrystallization, whereas stage two was attributed only to metadynamic
recrystallization.

Figure 2.19 presents the relationship between the three processes, i.e. static recovery
classical recrystallization and metadynamic recrystallization, in which the effect of

strain on the softening proportions attributable to each of the processes is illustrate
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Figure 2.18 Schematic representation showing the relation between
each of the softening stages and restoration processes
operating after dynamic recrystallization (Xu and Sakai,
1991).
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Figure 2.19 Schematic representation of the interrelation between the
three softening mechanisms

and of the dependence on

strain of the softening proportions attributable to each
mechanism (Djaic and Jonas, 1973).
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The interesting point according to Figure 2.19 is that when the strain exceeds the
strain to reach the peak of the flow stress, i.e. 1 6 % in the diagram, the nuclei for
dynamic recrystallization formed during deformation are free to serve as nuclei for
metadynamic recrystallization.

Therefore, metadynamic recrystallization can only

occur after operation of prior dynamic recrystallization.

The kinetics of metadynamic recrystallization following dynamic recrystallization,
have been expressed as follows (Hodgson et al, 1991)

X = 1 - exp -0.693

(2. 12)
yf0.5 J

where,

?

0.5 = KmdZn»<d

eX

x£md

P

{RT

(2. 13)

For C - M n steels, n^ = -0.8, Qmd = 230 kJ mol"1, and Qdef= 300 kJ mol"1, as observed
by Hodgson etal. (1991).

It has been shown that the rate of metadynamic recrystallization is very fast and it may
be completed during quenching after deformation (Rossard, 1973; Sakui et al, 1977).
The characteristics of metadynamically recrystallized structures are straight grain
boundaries, equiaxed and uniform grain structures, and existence of annealing twins.
Studies have shown that the size of the metadynamically recrystallized austenite grains
can be predicted by the Zener-Hollomon parameter, Z (McQueen and Bergerson,
1979; Sellars, 1980)
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2.2.5 Nucleation Mechanisms for Recrystallization
It was originally believed that stable nuclei for recrystallization are produced by

series of thermal fluctuations which take place by continuous formation and dispersi
of embryos. This theory was proposed by Turnbull and Fisher (1949), and Turnbull
(1952), and it was known as the classical nucleation theory.

This theory was later recognized to be impractical (Byrne, 1965; Cahn, 1965; 1983;
Doherty, 1974; 1980). According to the discussion, this is due to the small driving

force available for recrystallization and the high interfacial energy of the high-an

boundary which has to be created. The impossibility of creating a new orientation by
thermal fluctuations focused attention on the possibility of nucleation of
recrystallization of the deformed matrix by growth of a pre-existing region of the
deformed matrix. The new grains form in regions of severe localized deformation,
and the sites of these grains are predetermined. This type of nucleus is called a
"predeformed nucleus".

Many models or mechanism have been proposed for formation of the nucleus, based
on the concepts mentioned above. These models generally follow two common

points. First, a nucleus forms when at least one part of the nucleus is surrounded b
the equivalent of a high angle boundary, because of the very low mobility of an
arbitrary low angle grain boundary. Secondly, a region of a structure can become a
recrystallization nucleus and grow when its size exceeds a critical value. Although
these concepts are generally accepted, the various proposed mechanisms for nucleus
formation vary to some extent. Among these models, three of the most widely
accepted models are as follows.
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(1) Subgrain Coalescence

The possibility of subgrain rotation during growth and recrystallization was origina
reported by Smith (1948) and Li (1962), respectively. However, the importance of
subgrain coalescence during nucleation of recrystallization was first stated by Hu
(1963), as a result of a very extensive study of silicon-iron single crystals.

In the subgrain coalescence model, the growth of the subgrain occurs as a result of
the gradual disappearance of a subgrain boundary between neighbouring subgrains.
Furthermore, the contrast between relevant subgrains decreases during annealing,
indicating they are approaching a common orientation.

The process of subgrain coalescence by a rotation of one subgrain, proposed by Li
(1962), is schematically shown in Figure 2.20. Figure 2.20(a) shows the initial
structure indicating a misorientation between two subgrains. The common boundary,
CH, can be eliminated by a relative rotation of the two subgrains (Figure 2.20(a)).

The rotation shown in Figure 2.20(b) can be attained by the diffusion of atoms, along
the subboundaries, from the shaded regions to the unshaded region in Figure 2.20(b).

Li (1962) considered, for simplicity, that this rotation occurs in only one subgrain.
However, it may occur in both of them. Figure 2.20(c) shows the coalesced subgrain.
Finally, the cusped sections DCD and GHI become straightened as a result of the
rearrangement of the affected boundaries, BC, CD, IH and HG, in order to eliminate
the unstable re-entrant angles at C and H. The grain coalescence takes place by the
movement of dislocations from the disappearing boundary (CH) into the remaining
surface of the combined subgrains. This process involves dislocation climb and
requires a moderately high temperature for operation.
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Figure 2.20 Schematic representation of subgrain coalescence by a
rotation of one subgrain (Li, 1962).

(a)
SUBGRAIN STRUCTURE BEFORE NUCLEATION.

(b)
COALESCENCE OF SUBGRAINS A AND B,
AND C AND D.

(c)
FURTHER COALESCENCE OF SUBGRAINS
B AND C.

W
FORMATION OF A NUCLEUS WITH HIGH
ANGLE BOUNDARIES.

Figure 2.21 Schematic representation of the formation of a primary
recrystallization nucleus by subgrain coalescence (Hu,
1963).
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Hu (1966) analyzed the subgrain coalescence model quantitatively to describe the
formation of recrystallization nuclei (Figure 2.21). Figure 2.21 indicates the
coalescence of subgrains A, B, C, D into the one crystallite with characteristics of

viable recrystallization nuclei, ie. (1) relatively strain free, (2) larger than the
size and (3) at least one part surrounded by a high angle boundary. This region is
denoted as R in Figure 2.2Id. This region then grows into the surrounding subgrain
regions by migration of the high angle boundaries.

(2) Subgrain-boundary migration
This model was first proposed by Cahn (1950), Cottrell (1953) and Beck (1954), and
was later discussed by Bailey and Hirsch (1962). The idea was that polygonization
eliminates the strain energy, upon annealing, from a small region which has a high

localized density of dislocations as a result of deformation. This leads to creation
nucleus which is misoriented relative to its surrounding subgrains and therefore can
grow to consume them.

Subgrain growth is assumed to be driven by the decrease in volume free energy less
the increase in surface free energy (Bollmann, 1959; Fujita, 1961; Hu and Szirmae,
1961), giving a critical radius for growth of

R < — (2. 14)

where a is the surface free energy per unit area and AFV is the difference in volume
free energy per volume. This critical radius is not a constant because of the nonuniformity of deformation and stored energy which leads to a wide distribution in
subgrain sizes and misorientations of the subgrain boundaries. The larger the
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misorientation between neighbouring cells, and the higher the free energy due to loc

strain, the smaller the critical radius and, consequently, the higher the rate of gr
of the subgrains.

(3) Strain induced grain boundary migration
The most common nucleation mechanism involving grain boundaries is strain-induced
grain boundary migration (SIBM). This model was originally advanced by Beck and
Sperry (1949; 1950) in an investigation of deformed and annealed aluminium, and was

later further discussed by Bailey and Hirsch (1962) in silver, nickel and copper. Th

sort of nucleation usually occurs when the strain is low and, so, the dislocation d
can vary substantially from grain to grain. In this case, a pre-existing segment of
angle boundary may bulge into a neighbouring region of high stored energy. This
mechanism is shown schematically in Figure 2.22.

Bailey (1960) specified the condition under which a high angle boundary can bulge
out and migrate into one of the adjacent grains. According to his expression, local

regions of an original high angle interface migrate and bow out into the shape of a
spherical cap. The driving force is assumed to be the difference in strain energy
across the boundary. Bailey (1960) later derived the following equation, indicating
the condition required for the bulge to grow:

L>^- (2.15)
AE
where, L : the radius of the hemispherical cap
y: is the surface energy of the migrating grain boundary per unit area
AE: the difference in stored energy , per unit volume, across the
migrating boundary
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(a) BEFORE MIGRATION

(b) AFTER START OF MIGRATION

Figure 2.22 Schematic representation showing model for recrystallization by migration of a high angle boundary (straininduced boundary migration), (Beck, 1954).
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Equation (2.15) indicates that there is a minimum bulge length required for growth.
was estimated (Gorelik, 1978) that the minimum length of the boundary segment in
which the formation of a bulge is energetically favourable is about 1 [xm.

It has frequently been reported (Dunn and Brandhorst, 1962; Nes and Ryum, 1975)

that the migration of large areas of grain boundary into one or another neighbourin

grain occurs under a relatively low strain. This observation mean that the grain-to

grain inhomogeneity at low strain is more pronounced than at higher levels of strai

This kind of SIBM nucleation is characterized by the type of energy balance indicat
in Equation (2.15).
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2.3 Nucleation Theory for Precipitation

Nucleation of a second phase in the solid state has been classified into two categor
homogeneous nucleation and heterogenous nucleation. The fundamental aspects of
these two nucleation theories are reviewed in this section based on analyses by
Rossard and Aaronson (1975); Martin and Doherty (1976); Beavan (1981) and
Doherty(1983).

2.3.1 Homogeneous Nucleation
In homogeneous nucleation, a new phase forms within a parent phase without the

assistance of a pre-existing heterogeneity. This reaction is associated with formati
of an interface between two phases, which causes a local increase in the interfacial
energy (y). Furthermore, the formation of new phase within a parent phase results an
increase in elastic misfit strain energy per unit volume (AGs), due to the different
molar energy between the two phases. This interfacial energy is positive and
proportional to the nucleus surface area. On the other hand, the reaction of
nucleation formation is accompanied with decrease in the volume free energy (AGV).
The total free energy of the system (AG) is dependent on these three energy
components, y, AGV and AGS, and the contribution of these three energy terms
controls the characteristics of the nucleus.

AG = Ay + V(AGS - AGV ) (2. 16)

where A and V are surface area and volume of the new phase, respectively. Equation

(2.16) changes to the following equation if it is assumed that the nucleus is spheri
with radius of r.
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AG = 47tr2y - ^—

(AGS - AGV )

(2. 17)

Atfirst,a spherical nucleus of small radius is unstable and tends to dissolve in the
parent phase. A nucleus can be capable of metastable existence when the cluster
reaches a critical radius , r*, at a critical free energy, AG*.

^

)
dr

= 0

(2.18)

or
^

Q
dr

= gTcry - 47tr2(AG5 - AGV) = 0

(2. 19)

The critical radius, r*, can be obtained from Equation (2.19) as follows.

2y
(AG-AG5)

(2. 20)

A nucleus can be stable and grow when r>r*. The critical free energy, A G * , can be
obtained by substitution of r* in Equation 2.19.

AG*=

^L_ (2.21)
3(AGV-AGS)

It is clear from Equation (2.21) that AG* is affected by y, AGV and AG5. Similar t

the case for r*, AG* must be attained for the successful formation of a new phase
from the parent phase.

The term AGy is often known as the driving force for precipitation which is funct
of the degree of undercooling of a system (Porter and Easterling, 1981).
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Furthermore, it has been shown (Beavan, 1981; Doherty, 1983) that A G V is a function

of temperature and composition with respect to the overall concentration of so

the matrix and the composition of the precipitate formed. It has been shown tha

AGV =-RTIn— (2.22)

Equation (2.22) describes the driving force for formation of a precipitate fro

solution of initial concentration, C, and equilibrium concentration, C0, at tem

T. This indicates that the driving force for precipitation is strongly a funct
solute supersaturation which is given by the ratio C/C0.

2.3.2 Heterogenous Nucleation

It is well known that homogeneous nucleation does not readily occur in real sy

and that nucleation is normally heterogenous (Cahn, 1956; 1957; Aaronson et al;
Porter and Easterling, 1981; Speich et al, 1984). The sites for heterogenous

nucleation have been found to be non-equilibrium effects such as dislocations,

vacancies, deformation bands, grain boundaries, twin boundaries, stacking fault

inclusions, as shown in Figure 2.23. All of these defects represent regions of
than average free energy and therefore, increase the total free energy of the

material. A release in free energy takes place when a defect is destroyed as a

the creation of a nucleus. This leads to a decrease of the activation energy ba
AG*.

Cahn (1956) assumed that a nucleus forms on a grain boundary as a double

hemispherical cap, as suggested in Figure 2.24. There is a state of quasi-equi

between the surface forces at the position where the surfaces of the caps make

with the grain boundary. This balance between the surface forces was assumed to
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occur in the direction parallel to the grain boundary. A balance of the interfacial
energies between both sets of components is described by the following equation:

ayy=2oaYcos0 (2.23)

where GV and Gay are respectively the surface tensions between the two sides of the
grain boundary; and between the nucleus and the parent phase; and 0 is the angle of
contact of the nucleus surface with the grain boundary. The total free energy of a
nucleus is:

^Ghet=\yG^ -\G„ +V(AGS-AGV) (2. 24)

where, AGhet'. the free energy associated with the heterogeneously nucleated
nucleus
A« 7 : the area of the interface between the nucleus (a) and parent phase
(7)
Ayy: the area of y/y grain boundary
V: the volume of the nucleus

Considering the cross-section taken through the centre of the nucleus shown in Figu
2.24, the height of the double cap is equal to 2r(l-cosB), and the radius of the circular
area is r(sinQ). The terms Aay, Av, and V can be obtained by the following
relationships.

A =47tr2(l-cos9) (2.25)

A ^ =27cr 2 sin 2 6

(2. 26)
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E

Figure 2.23 Heterogeneous nucleation sites for precipitation: (A) grain
boundary, (B) grain edge, (C) grain corner, (D) annealing
twin boundary, and (E) inclusion (Speich et al.,. 1984).

•
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a

Figure 2.24 Double hemispherical cap model for nucleation of grain
boundary allotrimorph (Speich et al, 1984).
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(2.27)

If all the above expressions and Equation (2.24) are substituted into the equation
AG*heh and the resulting expression is simplified, then

AG* he, =AG*homS(0) (2.28)

where,

S(0) = -(2-3cos0+cos30) (2.29)

and AG*het is the free energy of a spherical nucleus equal to the radius of the doub
cap of the heterogeneously nucleated particle. Equations (2.28) and (2.29) indicate
that the critical free energy to form a nucleus heterogeneously at a grain boundary

varies directly as the homogeneous critical free energy, modified by a factor which

only a function of the angle 0. Since this angle is determined by the relative surfa
energies of the two surfaces in equations, it is clear that the free energy of
heterogenous nucleation is directly dependent on these surface energies.

Furthermore, Equations (2.28) and (2.29) state the fact that nucleation at a grain
boundary (heterogenous nucleation) is energetically more favourable than
homogeneous nucleation in the grain interior, because for a particular 0,
AG*het<AG*hom. This effect is exhibited schematically in Figure 2.25 (Okaguchi and
Hashimoto, 1992). Figure 2.25 compares the change of AG* with radius of the
precipitate (r) among homogeneous nucleation, grain boundary nucleation and
dislocation nucleation in 0.1C-0.03%Nb-0.02%Ti-0.002%N steel. It is obvious from
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Figure 2.25 Relationship between free energy and particle radius o
precipitates, in the case of homogeneous, grain boundary,
and dislocation nucleation in 0.03%Nb-0.02%Ti steel
(Okaguchi and Hashimoto, 1992).
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this figure that the critical free energy can be decreased more by nucleation on a

dislocation. Figure 2.25 also indicates that the critical radius, r*, for dislocation
nucleation is much smaller than those of homogeneous and boundary nucleation.
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2.4 Hot Deformation Behaviour Of Microalloyed
Austenite
During hot deformation of steels, there are some changes in substructure and
microstructure which are well documented and which depend upon variables such as
temperature and the conditions of deformation (Leslie et al, 1963; M c Q u e e n and
Jonas, 1975; DeArdo, 1995; Gladman, 1995). A s mentioned earlier in this chapter,
the general aim of controlled rolling is to achieve an austenite grain structure which,
upon transformation to ferrite, will produce the smallest, most uniform ferrite grain
size distribution. It is well k n o w n that ferrite grain size decreases with decreasing
austenite grain size.

There are some factors which influence the effectiveness of controlled rolling in term
of structural refinement. These factors are solutionising (austenitising) temperature,
microalloying elements in the form of solute or precipitates, temperature, the %
reduction of each rolling pass, and the strain rate and sequence of rolling passes.

It is well known that alloying elements in steels exert an important role on the
mechanical properties.

Microalloying elements create important changes in the

structures and properties of steels, particularly if they precipitate in the solid state
with a specific size. The microalloying elements commonly used in H S L A steels are
niobium, vanadium, titanium and aluminium, either singly or in combination. These
elements in conjunction with thermomechanical processing can improve the strength
and toughness of the transformed structure. With regard to precipitation hardening
effects, niobium and vanadium are the two more important elements. Niobium will
give little precipitation strengthening at a standard normalising temperature, but m u c h
greater strengthening after heating to the higher temperatures used for rolling. O n the
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other hand, vanadium will give appreciable precipitation hardening after normalising,
particularly if the carbide is formed in preference the nitride.

In general, ferrite grain refinement is the result of two mechanisms: reduction of the
size of the equiaxed austenite grains at intermediate temperatures and by austenite
deformation below the recrystallization temperature, which enhance the nucleation of
ferrite grains (Cordea, 1970; Gray, 1973). Although both mechanisms often occur in
most controlled-rolling practices, more emphasis is usually placed on austenite
deformation (elongation).

It has been shown that the controlled-rolling of HSLA steels consists of three stages
and produces different microstructures (Tanaka et al, 1977; Tanaka, 1981). These
are: deformation in the y-recrystallization region, deformation in the nonrecrystallization region and deformation in the (y+a) two phase region, as shown
schematically in Figure 2.26.

In stage 1 (y-recrystallization region), recrystallization can readily occur because of
the high deformation temperature at which coarse austenite grains (a) are refined by
the repeated static recrystallization during multipass deformation (b), but still
transform to relatively coarse ferrite grain structure (b1).

In stage 2 where the deformation temperature is low (non-recrystallization region),
recrystallization can be significantly retarded due to the effect of microalloying
elements. It has been shown that the deformation bands are formed in elongated

unrecrystallized austenite grains (c), and ferrite nucleates on the grain boundaries of

austenite as well as on the deformation bands, producing a refined ferrite structure on
cooling (c^.
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Strain — « -

Figure 2.26 Schematic illustration of the three stages of the controlledrolling process. The

change

in microstructure with

deformation are indicated for each stage (Tanaka, 1981).
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In stage 3 where the deformation temperature is very low (intercritical region), both

austenite and ferrite grains are deformed, producing ferrite substructures (d). During
cooling, unrecrystallized austenite transforms to equiaxed ferrite grains, whereas
deformed ferrite transforms into ferrite subgrains (d1), causing a much finer grain
structure than stage 2 (Tanaka et al, 1977; Tanaka, 1981).

As shown in Figure 2.26, deformed austenite grains (c) are divided into several blocks
by the deformation bands, and subsequently the a grains formed from these asdeformed y grains (c') are much finer than those from recrystallized y grains (br) and
also more uniform than those from (y+a) grains (d'). Studies have shown that the
minimum reduction required in the non-recrystallization region to form deformation
bands is about 30% (Ouchi, 1982; Tamura, 1987). The role of deformation bands on
the resultant grain structure is schematically shown in Figure 2.27.

Some researchers have also reported three stages of hot steel deformation, depending
on the austenite microstructure produced: the recrystallization region, the partial
recrystallization region and the non-recrystallization region (Kozasu et al, 1977; Le
Bon and Saint-Martin, 1977). The first and the third stages have already been
explained and only the second stage of this classification need to be clarified.

At intermediate temperatures, a mixed microstructure can develop as partial

recrystallization of the austenite occurs due to more sluggish recrystallization kinet

resulting in variations in grain size and orientation and the anisotropy of deformatio
Results of deformation under these conditions are largely elongated grains of

unrecrystallized austenite and fine equiaxed grains of recrystallized austenite. Durin
cooling, this structure transforms to mixed ferrite grain size because of lower

nucleation rate within the large austenite grains resulting in the formation of coarse,
intergranular ferrite. This structure has poor mechanical properties and some workers
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Schematic illustration of nucleation sites for ferrite grains
and resulting ferrite grain structures in hot-rolled and
heat-treated steels (Tanaka, 1981)
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have shown that w h e n such a mixed structure occurs during roughing, it is difficult to

remove the mixed austenite structure by further rolling due to the relative resistance
of large grains to recrystallization and flattening (Le Bon and Saint-Martin, 1977;
Cuddy, 1981; DiMicco and Davenport, 1982; Tanaka et al, 1982).

2.4.1 Solubility Products of Precipitates in Austenite

It is known that addition of strong carbide forming elements such as niobium, titanium

and vanadium to steels has a significant effect on both strength and toughness if they

precipitate in austenite with a specific size. These elements combined with carbon and
nitrogen can precipitate in austenite as carbides, nitrides or carbonitrides and,
depending upon the thermomechanical processes, can be controlled to some extent
within limits based on the different solubilities in austenite.

The solubility products of carbide and nitride of microalloying elements are different
because of different affinities of the elements for carbon and nitrogen in austenite
(Irvine et al, 1967; Obehauser et al, 1977). The solubility products of the common

carbides and nitrides are shown in Figure 2.28. It is clear that all of the carbides h

substantially higher solubilities than the nitrides. Moreover, there is a wide range o
differences between the solubilities of some of the carbides and nitrides.

In the temperature range for slab reheating (1100-1250°C), vanadium carbide is the
most soluble compound and titanium nitride the most stable. Titanium and niobium
carbide have solubilities between those of the above two compounds (Irvine et al,
1967). Niobium forms a carbonitride, Nb(C,N), which is only slightly soluble at
950°C but which dissolves to an increasing extent as the reheating temperature
increases to 1250°C. Vanadium forms a carbide (V4C3) which is readily soluble at
950°C and also a nitride (VN) which has a lower solubility (Honeycombe, 1976).
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An important factor which affects the extent of precipitation is the stoichiometric
of the carbide/nitride. The stoichiometric composition allows the maximum amount

of precipitation to occur at any temperature below the solution temperature, since it
corresponds to the correct proportions of, say, Nb and C+N to form Nb(C,N). It is

well documented that the solubility of the carbide/nitride in austenite is temperatu
dependent and the extent of precipitation increases as the ratio of Nb, Ti, or V to
carbon or nitrogen approaches the stoichiometric value (Honeycombe, 1976; Amin et
al, 1979; Speer and Hansen, 1989).

One of the methods to determine the solubility of niobium carbonitride is simply to
use (C+12/14N), as proposed by Irvine et al. (1967). Speer and Hansen (1989) have
shown that in steels having a constant carbonitride supersaturation, the volume
fraction of niobium carbonitride increases as the Nb: (C+12/14N) ratio in the steel
approaches the stoichiometric ratio of 8:1. This relationship is revealed in Figure
where the Nb(C,N) solubility plot is based on the data of Irvine et al. The
stoichiometric line for Nb(C+12/14N) indicates the composition path followed by the
austenite as Nb(C+12/14N) is taken into solution with increasing temperature or is
precipitated during cooling. Steels with non-stoichiometric composition follow a
parallel path, as shown in Figure 2.29.

The size, shape and orientation of the precipitate particles depend on the matrix st

and whether precipitation takes place in austenite or ferrite. Davenport et al (1975)

have shown that in microalloyed steels, the strain induced precipitates of Nb(C,N) in
austenite have a cube-cube relationship as found also in the stainless steels (Van
Aswegan et al, 1964; Silcock, 1966):

(100)^t>(c,N) // (100)austenite

(010)Nb(C,N) // (010)austenite
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Studies showed that the actual composition of the precipitates change depending on
the steel composition (Mori et al, 1964; Watanabe et al, 1977). The presence of
alloying elements and residuals such as aluminium and titanium, which are strong
nitride formers, affect the nitrogen content of the niobium carbonitrides.

The lattice parameters of the precipitates can vary extensively depending on the
amount of carbon and/or nitrogen. Both nitrogen and vacancies tend to reduce the

lattice parameter of the precipitates. The simplest form of carbide precipitate whic
forms in niobium microalloyed steels is a monocarbide type, NbC. It has been found
that pure stoichiometric NbC has a lattice parameter of 0.447 nm which decreases to
0.443 nm for NbCo.7 (Storms and Krikorian, 1960). The lattice parameter of
niobium carbonitride also changes with the concentration of nitrogen and vacancies.
This effect has been pointed out by Brauer and Lesser (1959) and Storm and
Krikorian (1960), indicating that the lattice parameter of niobium carbonitride

decreases as vacancies and dissolved nitrogen increase, as a result of a modificatio
the precipitation kinetics.

The composition of niobium carbonitride particles is also dependent on the thermal
conditions under which they form. Nordberg and Aronsson (1968) indicated that as
temperature increases the carbonitride becomes more nitrogen rich, as would be
expected from the relative stabilities of the carbide and nitride. At a particular

temperature, as the nitrogen content of the carbonitride increases, the solubility in
austenite decreases. Hence, in alloys with a high nitrogen content, the C-curve will

located at higher temperatures, whereas the curve for pure carbides will be located a
lower temperatures (Ballinger and Honeycombe, 1980). In other words, the solubility
of niobium nitride in austenite is lower than that of the carbide.
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As well as differences in carbonitride composition, other alloying elements normally
found in HSLA steels may be expected to influence carbonitride solubility and thus
precipitation in austenite. Koyama et al (1971) and Leduc and Sellars (1982) have
shown that chromium and manganese increase the solubility of niobium carbide and

nitride because they reduce the activity coefficients of carbon and nitrogen in solu

Nickel was found to have little effect and silicon has the opposite effect to chromi
and manganese.

It has been revealed that carbides and nitrides which are not dissolved at the rehea
temperature and are out of solution can restrain grain growth whenever the volume

fraction and particle size meet the critical conditions for pinning of grain boundar
(Gladman, 1976). However, low volume fractions of precipitates which are out of

solution before rolling have little effect on both dynamic and static recrystallizat
(Le Bon et al, 1975a; Leduc and Sellars, 1982).

Precipitation in austenite can also be accelerated by deformation due to the additio

high energy nucleation sites generated. This kind of precipitation is called straininduced precipitation. Strain-induced precipitates with small size and large volume

fraction significantly retard recrystallization due to suppression of grain boundary
migration, as discussed further in the next section.

Several techniques have been used to investigate the kinetics of precipitation in

austenite, such as hardness testing, electrical resistivity, chemical analysis, quant
electron microscopy, X-ray diffraction and flow curve analysis. Most investigations

have indicated that the precipitation processes progress according to C-curve kineti
which represent a compromise between lower solubility and decreased diffusion rates

at progressively lower temperatures. Studies showed that strain-induced precipitatio
can displace the C-curve to shorter times depending on the severity of the
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deformation (Watanabe et al, 1977; L e B o n et al, 1975b; Chandra et al, 1982;
Akben et al, 1984). This behaviour is due to the dislocation substructure in
deformed austenite which provides preferential nucleation sites for precipitation.

The nose of the C-curve for strain-induced Nb(C,N) precipitation in niobium
microalloyed steel is reported to be in the range 900-950°C (Hoogendorn and
Spanraft, 1977; Ouchi et al, 1977). Jonas and co-workers (Jonas and Weiss, 1979;
Chandra et al, 1982; Akben et al, 1981; 1983; 1984), by using hot deformation flow
curve analysis, have shown that the nose of the C-curve for dynamic precipitation
during compression testing is approximately 875°C for VN in a vanadium steel,
approximately 900°C for NbC in a niobium steel and approximately 1025°C for TiC in
a titanium steel.

2.4.2 Retardation of Austenite Recrystallization
Strong carbide forming elements such as niobium, vanadium and titanium are added to
steel to modify restoration processes in hot worked austenite. They strongly retard

recovery and recrystallization, particularly at lower finish temperatures at which t
solubility of the microalloying elements is low (Weiss et al, 1973; Le Bon et al,
1975b; Robiller and Meyer, 1977; Cordea and Hook, 1979).

The effects of microalloying elements on the progress of static recrystallization h
been investigated by various techniques. Cordea and Hook (1979) used the

interrupted hot tension test to study the static restoration process in the austeni
niobium and vanadium treated HSLA steels. They concluded that niobium is much
more effective than vanadium in retarding static softening. Other investigators (Le
Bon et al, 1975b; Robiller and Meyer, 1977) used the interrupted torsion test and
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indicated that the retardation of static softening is greatest in niobium-containing
steels and relatively less in titanium and vanadium steels.

The greater effectiveness of one microalloying element over another in retarding stat
restoration was later explained by Walsh and DeArdo (1987) who have analysed data
from published sources. Figure 2.30 shows the supersaturation as a percentage of the
total amount of the microalloying element versus the deformation temperature. The
deformation temperature range indicated at the top of the diagram corresponds to the
range of temperatures used in industrial practice. The intersection of each curve at

0% supersaturation indicates the dissolution temperature for the relevant precipitate
species. The diagram shows that vanadium-based systems display high
supersaturation at temperatures lower than the deformation temperature, while
titanium-based systems display high supersaturation at temperatures higher than the
deformation temperature. In contrast, a niobium-based system shows high

supersaturation within the deformation temperature range used in industrial practice.
It can be concluded that vanadium-based systems can be used for the final
precipitation hardening of the low temperature transformation products, whereas a
niobium-based system can be used for intermediate temperature utilization (austenite
recrystallization-stop temperature). And finally, titanium-based systems can be used
for high temperature control of the grain coarsening temperature during reheating.

There are two models proposed to explain the mechanism of retardation of
recrystallization. These models are the solute drag caused by the microalloying

elements in solution and the pinning effect of strain-induced precipitates. Although,

there is some strong evidence to support the proposal that dissolved solute atoms can
retard recovery and recrystallization, the major effect is produced by precipitation
before the start of recrystallization of austenite (Morrison and Woodhead, 1963; Le
Bon et al, 1975b; Jonas and Akben, 1981; Michel and Jonas, 1981; Bacroix et al.,
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1982; Sakai et al, 1982; Akben et al, 1983; 21, 79, Kwon and DeArdo, 1991).
Therefore, the retardation of recrystallization by addition of microalloying elements

can be ascribed to their presence as solutes, as precipitates or to a combination of t
two. These effect have been shown either directly by analyzing the transformed
austenite microstructures by metallography or indirectly by estimating the degree of

softening from an interrupted mechanical test such as compression, tension or torsion.
However, few studies have attempted to show the interrelationships existing between
the austenite microstructures developed during and after hot-working deformations
and the softening measured from the interrupted mechanical test technique.

2.4.2.1 Solute Effects
The retarding effects of solutes are attributed to interaction between migrating
dislocations and boundaries and the solute atoms. The solute atoms obstruct
dislocation rearrangement and consequently, subcells cannot readily form nuclei and
recrystallization is delayed (Roberts, 1978). It has been reported (Honeycombe and

Pethen, 1972) that the addition of solutes can lower the stacking fault energy, leadin
to retardation of recovery.

An important mechanical method was developed by Jonas and Weiss (1979) and
Weiss and Jonas, (1979; 1980) to describe precipitation kinetics and restoration
behaviour in microalloyed steels. This technique was based on the determination of

the strain to peak stress in high-temperature, constant strain rate uniaxial compress
tests. It was shown that at high strains and high temperatures, at which dynamic
recrystallization commences before the onset of dynamic precipitation,
recrystallization is delayed compared to a reference plain carbon steel with similar
composition. This retardation was observed in the absence of any precipitates. As
shown in Figure 2.31, at high strain rates, where there is no time for precipitation,
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behaviour of a niobium steel during hot compression
testing at different strain rates (Weiss and Jonas, 1979).

Chapter Two

Literature Survey

Figure 2.32 (a) Comparison

of recrystallization kinetics of plain

carbon (C) and niobium steel (Nb) (Le Bon et al, 1975b).
(b) Derived effect of Nb as solute (S) on recrystallization
kinetics ofNb steel (Jonas and Weiss, 1979).
(c) Superposition of dynamic precipitation curves (Ps and
Pf) on recrystallization curves (Jonas and Weiss, 1979).
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difference between the niobium and plain carbon steel is attributed to a solute effect.
Jonas and Weiss (1979) also noted that the extent of retardation due to niobium in
solution increases with a decrease in test temperature (Figure 2.32b).

In another study, Jonas and Akben (1981) reported that in the temperature range 9001000°C, the onset of recrystallization in microalloyed austenite takes place between
0.1-0.5 sec, whereas the start of precipitation occurs between 10-100 sec in the same
temperature range intervals. They therefore concluded that at a temperature higher
than 900°C, precipitation cannot act rapidly enough to hinder recrystallization and
that solute drag is the predominant retarding mechanism. However, these workers

did not reject the possibility that there may not be an experimental technique sensiti
enough to detect the real beginning of precipitation and that perhaps these times
would be shorter than existing techniques would indicate.

Yamamoto et al (1982) investigated the effect of niobium, vanadium and titanium on

retardation of static recovery and recrystallization based on both softening behaviour
in a double compression test and metallographic examination of samples quenched
after deformation and holding. They used microalloyed steels with very low carbon
and nitrogen contents to prevent precipitation. Figure 2.33 presents the changes of
softening ratio of interstitial-free manganese steels with different niobium contents
which were strained 69% at a strain rate of 10 s"1. There was no evidence of

recrystallization in samples that had softened less than 20% and it was considered that
the region below 20% softening ratio corresponds to the recovery stage. Hence, the
value of softening ratios of 20% and 50% were associated with the start of

recrystallization and 30% recrystallization, respectively. The onset of recrystallizat
(20% softening) was significantly retarded by increasing niobium content. It was

concluded that since almost all of the niobium atoms are in solution, the retardation o
recovery and recrystallization is due to the effect of niobium solute atoms.
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Figure 2.33 The effect of niobium as solute on the softening behaviour
of a 0.002% C steel at 900 C (Yamamoto et al, 1982).
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It was also found that temperature plays an important role in the kinetics of softening
(Yamamoto et al, 1982). Figure 2.34 indicates that in the niobium-free steel,

temperature has a little influence on the progress of softening, while in the niobium-

containing steel, the recovery stage and the onset of recrystallization (20% softening
are retarded at all temperatures. However, the degree of the retardation becomes
greater at lower temperatures, in agreement with the results of other investigations
(Chandra et al, 1982; Akben et al, 1983; 1984). It was noted that solute niobium
atoms do not retard the progress of recrystallization (>20% softening).

Yamamoto et al. (1982) and Cuddy (1982) showed that the retarding effect of
dissolved solute atoms on recrystallization increases with increasing lattice strain,
which in turn influences the interaction between dislocations and solute atoms. Thus
the degree of the retarding effect by solute atoms can be explained by the degree of

lattice distortion. From this point of view, the retarding effect of alloying elements
the softening behaviour of deformed austenite increases with increasing difference
between atomic radius of the solute atoms and solvent atoms. Yamamoto et al.
(1982) have shown that the effect of solute atoms cannot be correlated well with a

simple misfit factor based on an atomic radius equal to 1/2 of the interatomic distanc
as defined by Coladas et al. (1977).

2.4.2.2 Precipitation Effects

It is now established that recovery and recrystallization processes taking place durin
and after the hot-working of microalloyed steels are significantly retarded by the
presence of niobium carbide and carbonitride.

It is clear that the precipitation is significantly accelerated by deformation, and
electron microscopical studies of thin foils and extraction replicas have shown that

strain induced precipitation in the matrix occurs preferentially on dislocation subgra
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boundaries which were developed during deformation (Hansen et al, 1980;
Yamamoto et al, 1982). In the final stage of hot-rolling, these precipitates

significantly retard recrystallization by essentially locking the substructure, thereby
preventing the evolution of recrystallized grains by the processes of dislocation and
subgrain migration (Honeycombe and Pethen, 1972; Target and Gittins, 1977;
Roberts, 1978). Studies showed that strain-induced precipitates are no longer able to
act as barriers when their size exceeds a critical size (Jonas and Weiss, 1979; Weiss
and Jonas, 1979; 1980;). In this case, they can sometimes increase the rate of
recrystallization by acting as the nucleation sites for recrystallization (Michel and
Jonas, 1981).

One of the earliest attempts to study the precipitation effect of microalloying element
on the progress of static restoration was made by Le Bon et al. (1975b). These
workers studied the static restoration behaviour of niobium-free and niobium steels
and, subsequently, combined systematically the occurrence of precipitates with the
kinetics of recrystallization, as shown in Figure 2.32a. They noted a significant
retardation of recrystallization at 900°C in the niobium steel which was considered to
be due to the formation of fine strain-induced niobium carbonitrides.

Following the investigation of Le Bon et al. (1975b), Jonas and co-workers identified
the effect of strain-induced precipitation on restoration (Jonas and Weiss, 1979;
Akben et al, 1981; Chandra et al, 1982). They used similar niobium-free and

niobium steels studied by Le Bon et al. and correlated the kinetics of recrystallization
with the occurrence of precipitates (Figure 2.32). The retardation of recrystallization
in niobium steel at high temperatures was attributed to the effect of niobium in
solution. In addition, formation of strain-induced precipitates took place at low
temperatures and caused a severe retardation of recrystallization. The significant
retardation is indicated in Figure 2.32c by the sharp increases in Rs and Rf which
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correspond to the times for the start andfinishof recrystallization, respectively. This

diagram shows that when the time for the start of precipitation, Ps, is less than Rs, t
nucleation and progress of recrystallization are severely hindered.

A study was later made by Fitzsimons et al. (1984) on the high strain rate
compression of 0.07%Nb steel. This study showed the existence of well developed
precipitates in thin foils after less than 0.5 sec, an order of magnitude faster than
previously observed. Observation of these precipitates formed after a very short
holding time was made by rapid quenching following deformation.

Yamamoto et al. (1982) also studied the interaction between strain-induced

precipitation and the progress of recrystallization. In this study, the extent of stra
induced precipitation was determined by carbon extraction replicas. Moreover,
softening ratios of 20% and 50% were associated with the onset of recrystallization
and 30% recrystallization, respectively. Figure 2.35 presents the precipitationtemperature-time diagram and the recrystallization-temperature-time diagram plotted
for a niobium-free steel (0.002%C) and two niobium-containing steels (0.002%C0.097%Nb and 0.019%C-0.095%Nb). This figure shows that the time to start of
recrystallization increases linearly with decreasing temperature in the niobium-free
steel. For the 0.002%C-0.097%Nb steel, the onset of recrystallization was delayed by
1 to 2 orders of magnitude. However, the onset and 30% recrystallization were
significantly delayed in the 0.19%C-0.095%Nb steel in the region where the amount
of niobium carbonitrides was more than 20% of the total niobium.

The results obtained in this study indicated that in the absence of precipitates, the
recrystallization behaviour was not affected by carbon content in the two niobium
steels, and recrystallization was retarded only by solute atoms. Moreover, when
recrystallization was hindered by the solute atoms, the onset of recrystallization was
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delayed until strain-induced precipitation of niobium carbonitride took place, which
was more effective than niobium as solute. Strain-induced precipitates retarded the
onset and progress of recrystallization, while solute atoms retarded recovery and the
onset of recrystallization. Furthermore, Yamamoto et al. studied a vanadiumcontaining steel and indicated that if the retarding effect by solute atoms is weak,
vanadium-containing steel, recrystallization is complete before the start of straininduced precipitation.

Luton et al. (1980) studied the role of niobium as solute atom and as precipitates at
high strain rates during compression of decarburized steels. The results obtained in
this work showed that the niobium in solution can retard both recovery and

recrystallization, and strain-induced precipitates can suppress static recrystallizat
completely at 900°C. Luton et al. also reported an average particle size of straininduced carbonitrides of 27 nm at 900°C. This particle size is much larger than that
reported at 900°C by Le Bon et al. (1975b), 3-5 nm; by Hansen et al. (1980), 5 nm;
by Yamamoto et al. (1982), 10 nm; and by Fitzsimons et al. (1984), 2-3 nm.

3. STATEMENT OF OBJECTIVES

A serious limitation in studying low alloy steels in the austenitic condition is the
impossibility of direct observation of the austenitic structure at room temperature
because of transformation to ferrite and/or martensite on cooling. Information on
austenite behaviour during hot rolling has been inferred indirectly from mechanical
testing and from room temperature studies of transformed austenite. The objective of
the present investigation was to obtain a better understanding of the physical
phenomena occurring in hot deformed austenite using austenitic Fe-30Ni-0.15C
alloys, with and without a small amount of niobium, as analogue alloys for HSLA
steels. Such an investigation can assist in the design of more efficient hot-working
schedules in industrial rolling practice in order to achieve good mechanical properties
in the final product. Considering this objective, the current research was designed to
be performed in the following stages.

The first stage focused on the reheating behaviour of austenite by clarifying the effect
of niobium on austenite grain coarsening and elucidating the influence of reheating

Chapter Three

Statement of Objectives

93

temperature and solution treatment on the grain coarsening behaviour. This stage w a s
planned to provide information for studying the contribution of solute niobium to the
restoration of austenite during hot deformation.

Determination of the kinetics of static recrystallization as a function of temperature
and strain was another goal of this research program. An extensive optical and
electron microscopic analysis was conducted to elucidate the effects of niobium on
static recrystallization, mechanism of recrystallization, recrystallized grain size and
static recovery of hot deformed austenite for various strains and temperatures.

Another important aspect of this research was to investigate the drag effect of solute
atoms of niobium and the pinning effect of strain-induced precipitates of niobium
carbide on static recovery and recrystallization. Of particular interest was the effect
of a localized volume fraction of strain-induced precipitates along grain boundaries
and subgrain boundaries, which can hinder high temperature static recrystallization.
The interaction between precipitation and recrystallization was then interpreted
quantitatively and qualitatively.

4. EXPERIMENTAL TECHNIQUES

4.1 Materials

The materials used in the present study were two high nickel steels with and without
small addition of niobium. The chemical compositions are listed in Table 4.1. The
steels were supplied by BHP steel, Melbourne, Australia, in the form of hot rolled
plates of 25 mm thickness.

Table 4.1 Chemical compositions (wt%) of the steels investigated.

Materials C Ni Nb Mn Si S P N
Nb-free steel 0.155 30.50 O.005 0.01 0.03 <0.001 0.002 0.0005
Nb Steel 0.15 30.70 0.02 0.001 0.01 <0.001 0.003 0.0005
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The high nickel steels were selected on the basis that these materials do not undergo a
phase change when cooled from the deformation temperatures to room temperature.
This allows a detailed analysis to be conducted on the microstructural changes
occurring at various stages of the static restoration process.

Optical micrographs of the two steels in the as received condition are presented in

Figure 4.1. This figure indicates that both steels were fully recrystallized with sim
austenite grain sizes. The grain sizes of the niobium-free and niobium steels were 42
and 38 |im, respectively.

4.2 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (Mettler DSC 30) was performed to examine the
martensite transformation temperature. In this work, a small specimen with a mass of
less than 3 milligrams was taken from the starting sample. The specimen was sealed

in a standard aluminium pan with a lid and placed in the furnace adjacent to the empty
reference aluminium pan. The athermal heating and cooling rates were then set in the
computer of the controlling processor. The specimens were heated up to 50°C and
then cooled to -150°C at a rate of 20°C/min. The data on heat flow relative to the
reference were printed out during or after testing.

Figure 4.2 is a schematic illustration of a DSC curve. The peaks shown in this figure
conform with the forward and reverse phase transformations. As shown in Figure
4.2, the start and end points of the deviations from the base line of the curve are

attributed to the start and finish martensite transformation temperatures (Ms and Mf),

respectively, during cooling. Similarly, the start and end points of the deviation fr

the base line of the curve are attributed to the start and finish austenite transform
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200 u m

Figure 4.1

Optical micrographs of the steels investigated in the
present work in the as received condition, (a) Nb-free steel,
(b) 0.02%Nb steel.
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temperatures (A s and A f ), respectively, during heating. This method was performed in
the current work to determine the martensite transformation temperatures.

4.3 Grain Coarsening Studies
In general, the grain coarsening temperature for a particular heat treatment time is
defined as the lowest temperature above which the mean intercept austenite grain size
undergoes a significant increase as a result of abnormal grain growth. To study the
grain growth behaviour, samples of the two steels were taken from the half thickness
location of plates to avert the impurity segregation zone in the plate mid-thickness
location. The samples were prepared as 1 cm cubes, so that there was sufficient bulk
to enable surface oxidation and decarburization to be removed, and enough sample
remained for grain size determination.

Seven different temperatures were employed for the reheating studies. The lowest
temperature was 850°C, while the highest temperature was 1150°C. The remaining
five temperatures were at 50°C increments within this range. The heat treatment time
was 30 min. The solution temperature for niobium carbide precipitates in 0.02%Nb
steels is given in the literature as about 1000°C. Therefore, 1150°C was selected as
the upper reheating temperature for the niobium steel in order to ensure the complete
dissolution of precipitates. Dissolution of precipitates was also studied using
transmission electron microscopy.

In order to maintain additional control of the sample temperature during heating, a
hole was drilled into each sample in the middle. A shielded 1.5 mm diameter K-type
thermo-couple with bonded end was inserted and gripped at the end of the hole.
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The samples were austenitized at the respective reheating temperatures for 30 minutes
in an induction tube furnace. The time 30 minutes corresponds to standard industrial
practice for austenitization which requires a soak time of one hour for every 25 mm
thickness. The furnace was equipped with an argon gas flushing system to nunimise
any oxidation effects. Immediately following austenitization, samples were quenched
in water.

4.4 Hot Compression Testing
4.4.1 Testing Equipment
The hot compression system used in the present investigation is shown in Figure 4.3.

The system consists of three main sections. These are an Instron 1343 servo-hydraulic
testing frame linked up to a Hylec controller, Ulvac infrared image furnace coupled
controller, and an IBM personal computer interfacing data acquisition and machine
control.

The compression machine had a 100 kN capacity capable of a maximum ram

displacement rate of 6 cm/sec. The Hylec controller was flexible, allowing the testin
machine to be controlled under force, position or extensometer modes as well as
allowing external command signals to be fed in via a function generator or computer.
The system was capable of pre-programmable reduction levels with the ram
displacement as the direct control variable. The closed loop monitoring enabled the
control of reduction to within one percent. The system was also capable of preprogrammable interrupted test schedules with as many as five unloading sequences,
distinct strains and distinct holding times being possible. The system has also been
programmed so that the stroke compression tests could be carried out at constant
strain rate.
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(b)

Figure 4.3 Photographs
including a

of hot

compression

radiation furnace

testing equipments

combined

with servo-

hydraulic testing frame, a furnace controller, and

a

computer interfacing data acquisition and machine control
(a), and close up of dies, furnace and quenching device (b).
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A moveable radiation furnace generating temperatures up to 1200°C, was used to
heat the specimen and platens. Two thermocouples were used to accurately monitor
both furnace and specimen temperatures during testing. The temperature of the
specimen was monitored by welding a thermocouple onto the bottom platen surface
which was no more than 2 mm away from the specimen. The thermocouples were
connected to a digital temperature indicator so that the temperature change during
testing could be monitored.

In all tests the motion of the bottom ram, i.e. the sample height, was controlled by
external extensometer. The signal from the extensometer was sent to the Hylec
controller as well as to a computer to monitor the sample height.

4.4.2 Specimen Design
Hot compression specimens were machined from the hot rolled plate as cylinders

12.3 mm in length and 8 mm in diameter, with the axis of the specimens aligned in th
rolling direction of the plate.

Grooves were inserted on both faces of the sample in order to minimize the friction
between the end faces of the specimen and the test platen, as shown in Figure 4.4.
The grooves were 0.5 mm deep, 0.86 mm wide and spaced at 0.86 mm intervals.
These were cut into the end faces to facilitate the use of lubricant. This shape of
specimen has proven to be very effective for reducing friction and the associated
barrelling by retaining lubricant during compression.

During testing, specimens were enclosed in the quartz tube under an argon
atmosphere. Four nozzles were inside the tube to spray argon gas on the specimen to
maintain an oxygen free atmosphere. This procedure significantly minimized
oxidation of the specimen surface during testing. It was also possible with these
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Geometry of typical compression specimen (units are in
mm).
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nozzles to introduce gas to the specimen surface during quenching; the m a x i m u m flow
rate gave a cooling rate of 10 C/sec for the 8 mm diameter specimen.

4.4.3 Testing procedure
The temperature-time schematic diagram shown in Figure 4.5 indicates the basic
testing procedure for the static restoration studies. Initially, small compression
specimens were reheated to the particular temperature of austenitization within the
radiation furnace. Prior to the placement of specimens between the test platens, both
the upper and lower surfaces of each specimen were lubricated with powdered
Corning 0010 glass. This resulted in a lower degree of barrelling as well as a more
homogeneous deformation.

The niobium-free and niobium-containing samples were reheated in an argon flushed
furnace to 1190°C for 20 minutes and to 1175°C for 15 minutes, respectively. The

different reheating treatments allowed the starting grain size to be maintained at 31
|im for both steels. Transmission electron microscopy, along with observations on the
grain growth behaviour at different temperatures, indicated that most or all of the
niobium was in solution after the reheating treatment. This conclusion was consistent
with estimates for the solution temperature of 0.02%Nb microalloyed steels
(Oberhauser et al, 1977). It is of interest to note that the niobium steel needed a
lower temperature and time to produce the same grain size as that of the niobium-free
steel. This was due to dissolution of NbC particles at the temperature concerned
which resulted in unpinning of selected grain boundaries and, consequently, abnormal
grain growth of austenite, as discussed in Chapter 6.
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Schematic representation of thermomechanical

treatments

performed to the niobium-free and niobium steels for static
restoration studies.
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Following austenitization, the samples were cooled to the test temperature at a rate of

3 C/sec. Single pass uniaxial compression tests were carried out for strains of 0.25,
0.5 and 0.9 at a constant strain rate of 0.7 sec"1. The compressed specimens were
isothermally held at deformation temperatures of 850, 900, 950 and 1000°C for up to
780 sec.

Following the completion of deformation and a specified holding time, the specimens
were quenched in flowing water via a sample ejection system. This system was
designed to allow the samples to be removed into the water bath quickly by a
swinging arm. The time taken to quench the specimens within this quenching system
was no longer than two seconds.

Optical microscopy, scanning and transmission electron microscopy, as well as
hardness measurement were conducted on mid-plane sections containing the axis of
compression, in order to study the microstructural changes and restoration behaviour
of austenite.

AU testing temperatures, strains, and constant strain rates were set up and controlle
by computer. Loads and extensions were recorded by an extensometer and a load cell

fixed on the machine. The sampling rate for each test was such that a single value of
load and displacement was collected every 200 microseconds. The stored data from
each test in the data acquisition system were sent to the main frame computer and
processed to give the desired information.

A program was written to calculate true stress and true strain values based on the lo

strike data and ram distance travel. It was considered that the total distance travel
by the ram is:
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(4.1)

S : measured ram travel

Ss : measured sample deformation
Sm : composite machine deflection

and

Sm = |;

(4.2)

where P and K are load and machine stiffness, respectively. The machine stiffness
was calculated as 3.2 x IO"5 based on the technique described by Holbrook et al.

(1982). It was assumed the machine stiffness is constant during a test. Substitu
Equation (4.2) into the expression Ss = \hg -hA yields the following equation.

S = {K-hf)^

where

(4-3)

h0 : initial sample height

hf : finish sample height

and

K =

-.

r

(4.4)

The instantaneous sample height (hi) was calculated from ram displacement and
instantaneous load (Pi) by the following equation.

h^S,-^
'

and instantaneous true strain is:

(4-5)
K
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£,=ln^
h:

(4.6)

The instantaneous cross sectional area was calculated by the constant volume
relationship, considering that little or no barrelling occurred during testing.

A h
A. = ^ 2 h:

(4.7)

Consequently the instantaneous true stress was obtained as:

0,=^A,

(4.8)

Figure 4.6 presents the true stress-true strain curves for niobium-free steel obtained
for various temperatures.
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4.5 Microstructural Analysis
4.5.1 Optical Microscopy
The specimens from reheating studies and hot compression tests were analyzed and
photographed using both polarized light and bright field using a Leitz MM6
metallograph and a Nikon Optiphot metallurgical microscope. All the specimens for
optical examination were prepared by standard metallographic procedures (Metals
Handbook, 1973), i.e. sectioning, mounting, grinding, polishing and etching.

Compression specimens were sectioned parallel to the compression axis. The
specimens were mounted in bakelite and mechanically polished using a Struers
Abramin automatic polishing machine. Using this machine minimized the polishing
times by reducing the grinding and polishing steps to five steps with satisfactory
results. The steps were grinding with 125 ttm diamond abrasive, polishing by 9 urn,

6 lim and 3 |tm diamond paste, and finally micropolishing by 0.06 urn colloidal silica

Several etchants were examined to reveal the austenitic structure of the steels
investigated. Of these etchants, acid ferric chloride produced the best results for
revealing the grain boundaries as well as grain interiors. This etchant consists of:

• 5 grams ferric chloride
• 10 ml hydrochloric acid
• 100 ml distilled water

The specimens were immersed in the etching solution for 60-90 sec at room
temperature and were then washed with hot water.
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The mean grain size of recrystallized austenite was determined using the single circ
intercept method (Metals Handbook Desk Edition, 1985; Annual Book of ASTM
Standards, 1987). The method consisted of projecting circles of known perimeter
over the microstructure from different areas in the specimen. The mean intercept
length was determined by measuring the number of intersections of the circle with
grain boundaries, and taking account of the magnification of microstructure and the
diameter of the circle.

where,

L : m e a n intercept length

C : circumference of the circle
M : operating magnification
N : number of intersections of the circle with grain boundaries
This technique was carried out on at least 15 fields of view for each specimen. The

mean intercept length (L) in Equation (4.9) is a measure of mean austenite grain size
The mean intercept length is related to the ASTM grain size number (Metals
Handbook Desk Edition, 1985), as follows.

ASTM Grain Size No. = [-6.6457 log(I)] - 3.298 (4.10)

where L has units of millimetres.

Optical microscopy was also used to determine the extent of recrystallization in
deformed specimens by the point counting technique. All measurements performed
on the deformed specimens were limited to the central region to avoid complications
arising from possible inhomogeneous deformation.
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4;5.2 Transmission Electron Microscopy
Transmission electron microscopy was conducted on samples to investigate the
formation of niobium carbide and microstructural changes in austenite. The thin foil
technique was used in addition to carbon extraction replicas. The reason for this
approach is that both thin foils and carbon extraction replicas have their own
advantages and limitations. Transmission electron microscopy was performed on a
JEOL 2000 FX operated at 200 kV.

The thin-foil microscopic specimens were prepared in the following stages.

(1) Slices of specimen with a thickness of 1 mm were sectioned from the starting
sample by a high speed diamond blade. At this stage the most important factor
was to obtain a uniform specimen thickness.

(2) Discs having a diameter of 2.5 mm were cut out by a spark cutting machine from
the centre-most regions of the slices prepared in stage (1).

(3) The discs were ground down to 0.04-0.07 mm in thickness using 600 # SiC
paper.

(4) The discs were further thinned by a Struers double-sided jet electropolishing
machine (TENUPOL-2). A schematic diagram of this machine is presented in
Figure 4.7. The electrolyte consisted of 85% acetic acid and 5% perchloric acid.
Polishing was carried out at 70 volts with a current of 22-25 milliamps for a
period of 60-90 sec at 11-14°C.

(5) The perforated specimens together with the holder were rinsed first in water for
period of 1 min, then were rinsed twice in methanol.

Experimental Techniques

Chapter Four

D

Figure 4.7

A schematic diagram of a double-sided jet electropolishing
device. The electrolyte is pumped up from the tank below
the cell and directed at the disc specimen by two jets.
Perforation can be detected by a photodiode at D which
registers light from the lamp L as soon as a hole forms
(Goodhew, 1984).
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The extraction replica technique, (a) Polished surface of
the two phase specimen; (b) etched to expose second phase
particles; (c) carbon coated; (d) re-etched and lifted off
the replica containing some
(Goodhew, 1984).
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Most of the specimens of thin foils were further treated by an ion beam thinner to
remove the contamination and oxidation produced during electropolishing, and to
increase the quality and extent of the thinned area.

Carbon extraction replicas were prepared using the method of Ashby and Ebeling
(1966). The mechanism is presented schematically in Figure 4.8. The direct carbon
extraction replicas were produced by the following stages in the present work. First
specimens were polished by the metallographic polishing technique, as mentioned in

the previous section, down to a 0.06 ttm colloidal silica paste prior to etching. Then
they were lightly etched with acid ferric chloride for 2 sec. Next, specimens were
masked so that only the surface of the central region was exposed. A high vacuum
unit was used to evaporate a thin carbon film (20-30 nm) onto the etched specimen.
Then the film was scored into squares with approximate size 2 by 2 mm. The
specimens were immersed in a 10% nital solution for about 7 min. The solution

selectively dissolves the matrix metal, leaving the extracted particles attached to t
film. When the edges of the carbon film squares began to lift from the specimen
surface, the specimens were taken out of the solution and immersed in distilled water
at an angle of 45 degree to the water surface in order to strip off the replicas. The
floating replicas containing extracted particles were collected on 3 mm diameter

copper grids and then dried. Fresh solutions were used at each step in the replicating
process to prevent the possibility of cross contamination.
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4.5.3 Scanning Electron Microscopy
Misorientations between recrystallized and unrecrystallized grains were examined by
using electron back-scatter diffraction in a Leco Stereoscan 440 scanning electron
microscope.

The basic requirement for formation of a Kikuchi pattern is that the electron beam
strikes on all lattice planes at the Bragg angles. One way in which diffraction takes
place in the SEM is by tilting of the specimen to make a small angle with the incident
beam. The diffraction effect obtained from the simple step of tilting the specimen
towards the incident beam is called electron back-scatter diffraction (EBSD) or backscattered) Kikuchi diffraction (BKD). Electron back-scatter diffraction has been
developed as a practical technique by Dingley in 1981, and it is now the most
powerful technique for measuring individual orientations. It is also now a major
phenomenon for obtaining misorientations and other grain boundary parameters
(Randle and Ralph, 1988a,b; Randle, 1992).

Specimens in this work were mechanically polished to a 0.06 urn colloidal silica finis
followed by light etching with acid ferric chloride for about 2 sec. Specimens were
placed in the SEM with the pre-tilt holder inclining the specimen to 70 degrees, and
examined first in normal secondary electron imaging mode to identify the area from
which crystallographic information was sought. The image was then frozen in an
image store and the beam brought to behave as a stationary probe on the area of
interest. The EBSD patterns generated by the interaction of the primary beam with
the tilted specimen were captured via a phosphor screen interfaced to a low-light TV
camera and control unit. The Kikuchi patterns were enhanced and then displayed in a
video window of a personal computer (PC). The quality of the EBSD images is a
function of atomic number, strain level in the sample, and the quality of mechanical
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and electropolishing procedures. The components of an E B S D system are a S E M ,

tilted specimen holder, low light television (TV) camera with phosphor screen, camer
control unit, image processing and computer platform (Figure 4.9).

The diffraction patterns were analyzed and indexed using a Crystal Orientation
System for Windows software which is operated in conjunction with the SEM, low
light level TV camera and camera control unit. This software enabled orientation
measurements to be made for all crystal systems. In addition, it was capable of
orientation measurements, EBSD pattern indexing, analysis of orientation data and
capture, storage, and archiving of EBSD images in a Microsoft Windows
environment.

4.6 Hardness Measurements
Microhardnesses of the hot compressed samples were measured using a "low load"
Vickers hardness testing machine (Leco M-400-H1) with a square pyramid diamond
indentor and 1 kg load. About 35 hardness values were measured in the interior of
work hardened grains in each specimen to study the progress of static recovery in

austenite. It should be noted that only work hardened (unrecrystallized regions) we
hardness tested.
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5. EXPERIMENTAL RESULTS

The results from this research program are presented in such a w a y as to clarify the
effect of niobium and the deformation variables (temperature, strain and holding time)
on the process of grain coarsening, recovery, recrystallization and precipitation in
austenite during thermomechanical processing. In order to achieve this aim, a
reference niobium-free steel and a 0.02%Nb-containing steel, both with very low
nitrogen contents (Table 4.1), were used in all experimental tests.

A series of uniaxial compression tests were conducted at a constant strain rate of
0.7 sec"1 with varying strains and delay times. Different reheating temperatures and
times were selected for the niobium-free and the niobium-containing steels to achieve
a constant initial grain size of 310 urn. Quenching of samples immediately after
compression took about 2 sec which was equated with a holding time ta=2 sec at
temperature after compression.
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Materials Verification

The main purpose of this research was to prepare an analogue HSLA steel with two
characteristics. Firstly, it should possess a sufficiently low martensite-start
transformation temperature (Ms) to have an austenitic structure when cooled down to
room temperature after hot deformation. Secondly, it should allow NbC precipitation
in austenite near the temperatures of normal finish rolling. Therefore, there was a
need to establish whether precipitates of NbC would form in this kind of alloy.

5.1.1 Martensite Start Transformation Temperature
The differential scanning calorimetry (DSC) technique was applied to measure the Ms
temperature of the steels investigated. The samples were heated to 50°C and then
cooled down to -150°C at a rate of 10°C/min. A typical martensite exothermic peak

is presented in Figure 5.1 for the niobium steel with a starting grain size of 39 \xm
indicating Ms = -70°C.

It should be noted that the average grain size after solution treatment and before ho
compression was 310 (im. However, some grains in the range of 10-310

UJTL

will be

produced during thermo-mechanical processing. Thus, it was necessary to examine
the Ms temperature for grain sizes up to 310 |im.

To produce the different austenite grain sizes, the samples of niobium steel were
reheated to 1150°C for different periods of times and then water quenched to room
temperature. The results of measurements of Ms temperature against grain size are

presented in Figure 5.2. It is clear from this figure that Ms temperature is dependent
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Figure 5.2

Variations of Ms temperature with austenite grain size of
the 0.02%Nb steel. Different austenite grain sizes were
obtained by reheating the specimens at 1150°C for
different period of times.
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100 urn

Figure 5.3

Optical micrograph of the 0.02%Nb steel with initial grain
size of 350 \im showing martensitic structure formed by
cooling below -70°C.
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on grain size for sizes smaller than about 150 Ltm. However, it is nearly independent
of grain size for grain sizes greater than 150 urn. A typical optical micrograph
showing the martensitic structure produced in the 0.02%Nb with an austenite grain
size of 350 iim is presented in Figure 5.3.

Figure 5.3 shows that Ms is -32°C for a grain size of 310 urn, indicating the presence
of only an austenitic structure at room temperature.

5.1.2 Precipitation of NbC
Both energy dispersive X-ray (EDX) spectrometry and electron diffraction pattern
techniques were employed to examine the precipitate particles formed in the niobium
steel. A sample of niobium steel was deformed to a strain of 0.7 at 900°C and then
isothermally held at this temperature for one hour. It was found that some particles
formed after this treatment. In the niobium-free steel, transmission electron
microscopy failed to detect any particles after the same treatment.

The particles were first analysed by EDX microanalysis. This technique provided
qualitative evidence for the presence of NbC particles. Several particles were

identified by this technique. The result for one of the particles is presented in Figur
5.4. A typical particle visible in the carbon replica image of Figure 5.4(a) was
analysed using the EDX spectrum. The strong spectrum peaks for niobium in Figure

5.4(b) prove that the particle is niobium-rich. In addition, since the steel is nitroge
free, the particles can only be ascribed to NbC. The presence of a copper peak in the
same spectrum (Figure 5.4(b)) is from the copper grid used to support the carbon
replica.
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(a) Carbon extraction replica micrograph of typical cubic
NbC precipitate formed after compression to a strain of
0.7 at 900°C and then isothermally holding for 1 hour at
900°C. (b) EDX
shown in (a).
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Niobium carbide precipitates were also analysed using the electron diffraction pattern
technique. These particles were identified by the analysis of several diffraction

patterns. A typical analysis is shown in Figure 5.5. Figure 5.5(a) illustrates a partic
produced by the same treatment as for the particle in Figure 4.4(a). A diffraction
pattern obtained from the particle is presented in Figure 5.5(b), which identifies the
precipitate as NbC.

5.2 Grain Coarsening Behaviour
The effect of niobium and reheating temperature on grain coarsening behaviour of
austenite was investigated by the techniques of grain size measurement and
microstructural studies. In order to achieve this, both niobium-free and niobiumcontaining steels were reheated to the temperature range 850-1150°C for a constant
period of 30 min, and then water quenched to room temperature. The results are
presented in the following three sections.

5.2.1 Grain Size Measurement

The austenite grain sizes resulting from different reheating treatments are presented i
Figure 5.6 for the both the niobium-free and niobium steels. This figure shows that

the mean austenite grain size increases with increasing reheating temperatures for both
steels.

Figure 5.6 shows that in the niobium-free steel, normal grain growth occurs as the
temperature is raised from 850 to 1150°C. In the niobium steel, the mean grain sizes
in the temperature range of 850-1000°C were relatively constant, but grain coarsening
was observed at 1050°C, which proceeded strongly at 1100 and 1150°C. The start of
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200 n m
(a)

(b)
Figure 5.5 (a) Carbon extraction replica micrograph of typical NbC
precipitate formed after compression to a strain of 0.7 and
isothermal holding for 1 hour at 900°C. (b) Diffraction
pattern from the particle shown in (a) (zone axis <011>
type).
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Figure 5.6

The changes of mean austenite grain size as a function of
reheating temperature for the niobium-free and 0.02%Nb
steels. The steel samples were reheated to the specified
temperatures for a constant period of 30 min, followed by
water quenching.
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abnormal grain growth at 1050°C for the niobium steel can be attributed to solution
of grain boundary-pinning particles at this temperature.

5.2.2 Optical Microscopy
Optical micrographs showing the changes in austenite microstructure after reheating
of samples of the two steels are presented in Figures 5.7-5.9.

Figure 5.7 illustrates the austenite structures after reheating at 850 and 950°C for
two steels using the same magnification. Comparison of these reheating temperatures
indicates that grain growth occurred for the niobium-free steel after reheating at
950°C. However for this condition, the mean austenite grain size of the niobium steel
was nearly constant.

On increasing the reheating temperature to 1050°C, an appreciable difference in the
grain morphology of the niobium steel was observed compared to the niobium-free
steel, as shown in Figure 5.8. In the niobium steel (Figure 5.8(b)), the structure
consisted of a mixture of small and large austenite grains. This behaviour continued
with increasing reheating temperature to 1100°C, as shown in Figure 5.9(c) The
mixed austenite grains changed to a nearly uniform structure as the reheating
temperature increased to 1150°C (Figure 5.9(d)).

The commencement of abnormal grain growth after reheating at 1050°C is attributed
to the unpinning of some grain boundaries due to solution of NbC precipitates which
were already present at grain boundaries.

In the niobium-free steel, the grain coarsening continued with increasing reheating
temperature to 1100 and 1150°C with a normal grain growth trend, as shown in
Figure 5.9(a) and Figure 5.9(b).
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Figure 5.7

Optical micrographs of the austenite grain structure after
reheating to the specified temperatures for a constant
period of 30 min followed by water quenching. (a),(b)
correspond to the niobium-free steel, and (c),(d) the
0.02%Nb steel.
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(a)

(b)

400 urn

Figure 5.8

Optical micrographs of austenitic structure formed after
reheating at 1050°C for 30 min, followed by water
quenching.
(a) niobium-free steel
(b) 0.02%Nb steel
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(b) 1150°C

"N •<

(c) 1100°C

(d) 1150°C
400 urn

Figure 5.9

Optical micrographs of the changes of austenite grain size
for the specimens reheated at the specified temperatures
for a constant period of time 30 min followed by water
quenching. (a),(b)for the niobium-free steel and (c),(d) for
the 0.02%Nb steel.
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5.2.3 Niobium Carbide Precipitates
The presence of NbC precipitates in the niobium steel in the hot rolled condition and
after different reheating temperatures was investigated using the thin foil and
extraction replica techniques.

As mentioned in Section 4.5, optical microscopy revealed fine austenite grains in the

hot rolled niobium steel (Figure 4.2). Since these grains were fine (38 urn mean size)
and equiaxed, it was very difficult by optical microscopy to conclude whether all
grains were recrystallised or some were in the work-hardened condition.

A very small volume fraction of unrecrystallized regions was detected in TEM of the
hot rolled samples, as shown in Figure 5.10(a). Figure 5.10(b) shows that small NbC
particles were formed on the dislocations produced during hot rolling. Figure 5.10(c)
shows a thin foil micrograph with very fine NbC particles within recrystallized
austenite.

Figure 5.11 shows typical thin foil micrographs of austenite which contains fine NbC
precipitates after reheating to temperatures of 850 and 950°C. Figure 5.11(a)
indicates that, after reheating at 850°C, the particle size and volume fraction are
similar to those in the hot rolled specimen shown in Figure 5.10. However, particles
started to grow after reheating to 950°C (see Figure 5.11(b)).

Micrographs of typical extracted particles for reheating treatments to 850 and 950°C
are presented in Figure 5.12. Figure 5.12(a) shows the apparent pinning effect of two
large undissolved particles on a grain boundary in austenite. A lower volume fraction
and the larger average size of particles were revealed after reheating at 950°C
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Experimental Results

Transmission electron micrographs of a thin foil specimen
of the hot rolled 0.02%Nb steel, showing unrecrystallizedrecrystallized interface (a), precipitates of NbC

in the

unrecrystallized structure (b), and precipitates of NbC in
the recrystallized structure (c).
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(a)

200 nm
Figure 5.11 Transmission electron micrographs of a thin foil specimen
of the 0.02%Nb steel, showing the presence of undissolved
NbC precipitates after reheating for 30 min at (a) 850°C
and (b) 950°C.
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(a)

(b)

400 nm
Figure 5.12 Carbon extraction replica micrographs of 0.02%Nb steel
showing the presence of undissolved NbC precipitates after
reheating for 30 min at (a) 850°C and (b) 950°C.
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compared to 850°C. These observations may be explained as follows. Firstly, the
higher temperature should lead to solution of smaller particles and growth of larger
particles. Secondly, since the temperature of 850°C is close to the nose of

precipitation curve, there is a possibility that some of the fine particles were formed
during holding at this temperature.

Typical micrographs showing the extracted particles in specimens reheated to 1100
and 1150°C are presented in Figure 5.13. It is clear that as the reheating temperature
was increased, the size of the particles increased, while their volume fraction was
markedly decreased. In other words, with increasing reheating temperature, the fine
particles dissolved, and only coarse particles remained (Figure 5.13(b)).

The combination of results from optical microscopy, transmission electron
microscopy, and grain size measurements for the niobium steel indicated that, above a
temperature of 1050°C, most of the NbC particles were in solution.

It should be noted that the starting grain size of both the niobium and the niobium-fre
steels were held constant in order to compare the effects of strain, deformation
temperature and holding time. To provide this requirement, two steel samples were
reheated at different conditions. The niobium-free and 0.02%Nb steels were reheated
to 1190°C for 20 minutes and to 1170 for 15 minutes, respectively. These treatments
allowed the starting grain size to be maintained at 310 |im for both steels.
Furthermore, an austenitizing temperature 1175°C for the niobium steel is sufficiently
high to ensure that most of the niobium is in solution. Optical micrographs of the
specimens of both steels after the different reheating treatments are shown in Figure
5.14.
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(a)

(b)

1 urn

Figure 5.13 Carbon extraction replica micrographs of 0.02%Nb steel
showing the presence of undissolved NbC precipitates after
reheating for 30 min (a) 1100°C and (b) 1150°C.
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(a)

(b)

400 urn

Figure 5.14 Optical micrographs showing similar austenite grain size
produced after reheating to (a) 1190°C for 20 min for the
Nb-free steel, and (b) 1175°Cfor 15 min for the 0.02%Nb
steel.
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5.3 Effect of Deformation Temperature and Strain
on Austenite Recrystallization
5.3.1 Niobium-Free Steel
The effect of deformation temperature on the amount of austenite recrystallization in
the niobium free steel samples, directly quenched after various strains, is shown in
Figure 5.15. This figure shows that, for a constant strain, the amount of recrystallized
austenite increases with increasing temperature.

For example, a strain of 0.5 at 850°C produced 8% recrystallization, whereas at
1000°C, the amount of recrystallization was 7 0 % . In this steel, w h e n the strain was
0.25, there w a s no recrystallization at 850°C, 3 % at 950°C and 1 2 % at 1000°C.
Therefore, an increase in the strain or the temperature increases the amount of
recrystallized austenite.

Figure 5.16 shows the relationship between strain, deformation temperature and the
state of recrystallization for the niobium free-steel.

In this figure, two curves

representing critical deformations divide the area into three regions, i.e. nonrecrystallized, partially recrystallized and fully recrystallized.

The non-recrystallized region is represented by the open squares and the Rs line
specifies the critical deformation to start recrystallization within 2 sec at various
temperatures.

T h e approximate position of the line R s representing the start of

recrystallization w a s estimated from the experimental data shown in the diagram.
With initiation of recrystallization, the structure consists of a mixed recrystallized and
non-recrystallized austenite (partially recrystallized, P R , austenite). T h e P R region is
shown by half-filled squares in Figure 5.16.
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Figure 5.16 Progress of austenite recrystallization and resulting grain
size as a function of deformation temperature and strain in
the direct quenched niobium-free steel (do-310 \im)
Rs and Rf = start and finish recrystallized curves,
NR = non-recrystallized, PR = partially recrystallized,
R = recrystallized, and resultant grain size (\xm).
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increases, the

amount

of

recrystallization reaches 100% and the structure is fully recrystallized austenite. The

position of the line Rf, representing the finish of recrystallization, was estimated fro
the experimental data shown in the diagram.

Figures 5.17 and 5.18 indicate the typical microstructural changes in the niobium-free
steel for various strains and deformation temperatures. It is clear from these figures
that the amount of recrystallization increases with increasing strain and/or
deformation temperature.

5.3.2 Niobium Steel
The effects of deformation temperature and strain on the amount of austenite
recrystallization for the niobium steel are shown in Figures 5.19 and 5.20.

It can be seen that the addition of 0.02% niobium to the basic niobium-free steel
changed the recrystallization behaviour of austenite. The retarding effect of the

niobium at all strains is evident in Figure 5.19 by both the relative positions and slop
of the lines compared with those shown in Figure 5.15. for the niobium-free steel. It
can be seen the samples strained 0.5 at 900°C produced 35% recrystallization in the
niobium free steel, but the same strain applied to the niobium steel produced only
about 4% recrystallization. Similarly, the samples strained 0.5 at 850°C were 8%
recrystallized in the niobium free steel whereas the niobium-steel was still not
recrystallized.

Comparison of Figure 5.16 and Figure 5.20 shows a shift to higher strains in the Rs
and Rf curves for the niobium steel, i.e. the addition of niobium increased both the
extent of the non-recrystallized region and the critical strain necessary to produce
partial or complete recrystallization.
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200 urn
Figure 5.17 Optical micrographs showing the effect of deformation
temperature on the progress of recrystallization. Structure
of the direct quenched niobium-free steel with an applied
strain of 0.5.
(a) 850°C
(b) 950°C

Chapter Five

Experimental Results

143

(a) >.

(b)

(c)

200 (tm

Figure 5.18 Optical micrograph showing the effect of strain on the
progress of recrystallization.

Structure of the direct

quenched niobium-free steel deformed at 950°C.
(a)e = 0.25

(b)e = 0.5

(c)e = 0.9
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recrystallization in the direct quenched 0.02%Nb steel
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Figure 5.20 Progress of austenite recrystallization and resulting grain
size as a function of deformation temperature and strain in
the direct quenched 0.02Nb steel (d0=310 \un)
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Typical photomicrographs exhibiting the effects of strain and

deformation

temperature in the niobium steel are presented in Figures 5.21 and 5.22.

5.4 Effect of Isothermal Holding Time on Progress of
Static Recrystallization
The effect of isothermal holding time after deformation on the progress of static
recrystallization of austenite in the reference niobium free and niobium steels is given
in Figures 5.23 through 5.26. The compression temperatures were 850, 900, 950 and
1000°C.

Figures 5.23 and 5.25 present the results for strains of 0.25 and 0.5 in the niobiumfree steel and Figures 5.24 and 5.26 show the results for the niobium steel. It can be
seen that for the niobium-free steel strained 0.5 at 900°C, the volume fraction of
recrystallized austenite increased from 3 5 % to 9 5 % w h e n the hold time increased
from 2 to 11 sec.

In the niobium steel tested using the same treatment,

recrystallization c o m m e n c e d after about 1 sec and developed to 3 5 % after 11 sec.
Similarly, recrystallization in the niobium-free steel strained 0.25 at 850°C, started
after about 3 sec and progressed to 9 5 % after 200 sec.

C o m m e n c e m e n t of

recrystallization in the niobium steel samples strained 0.25 at 850°C, required 2 sec
and progressed to only 2 5 % after 780 sec.

In these four diagrams, it is obvious that at lower temperatures and/or strains, the
incubation time before commencement of recrystallization varies depending on the
extent of deformation and on the deformation temperature. In addition, the delay
time for completion of recrystallization increases with decrease in strain or
temperature.
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(a)

(b)

(c)

200 urn
Figure 5.21 Optical micrographs showing the effect of deformation
temperature on the progress of recrystallization. Structure
of the direct quenched 0.02%Nb

steel with an applied

strain of 0.5.
(a) 850°C

(b) 950°C

(c) 1000°C
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200 urn
Figure 5.22 Optical micrographs showing the effect of strain on the
progress of recrystallization. Structure of the direct
quenched 0.02%Nb steel deformed at 950°C.
(a) e = 0.25

(b) e = 0.5

(c) e = 0.9
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Figure 5.23 Progress of static recrystallization in the niobium-free steel
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Comparison of the two steels with the same strain (e.g. Figures 5.25 and 5.26)
indicates that recrystallization was slower in the niobium steel than the niobium-free
steel and the effect was stronger at temperatures below 900 °C. It should be noted

that since the initial austenite grain sizes of both steels were the same, the retardati
effect of austenite recrystallization is entirely due to the effect of niobium. As
discussed in Chapter 6, the niobium exerts an effect as solute atoms at high
temperatures (> 900°C) and as strain-induced precipitates at low temperatures
(< 900°C).

Typical photo micrographs of austenite recrystallized grains of the niobium-free steel
with holding time at 850 and 950°C are presented in Figures 5.27 and 5.28. The
progress of recrystallization for the niobium steel at different strains and the same
temperatures is shown in Figures 5.29 and 5.30. These figures indicate that for a

particular holding time, the amount of strain has a significant influence on the progres
of recrystallization.

The effect of niobium on the retardation of austenite recrystallization at low
temperature is shown in Figures 5.27 and 5.29. These figures indicate that after
deformation to a strain of 0.5 at 850°C, the amount of recrystallization produced after
17 sec holding time was about 90% for the niobium-free steel, whereas under the
same conditions, even after 450 sec, the niobium steel specimen was only 60%
recrystallized.
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(a)

(b)

(c)

200 urn
Figure 5.27 Optical micrographs showing the effect of isothermal
holding time on the progress of recrystallization. Structure
of the niobium-free steel with an applied strain of 0.5 at
850°C.
(a) t = 2 sec

(b) t = 7 sec

(c)t = 17sec
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(a)

(b)

(c)

200 urn
Figure 5.28 Optical micrographs showing the effect of isothermal
holding time on the progress of recrystallization. Structure
of the niobium-free steel with an applied strain of 0.25 at
900°C.
(a)t=8sec

(b) t = 30sec

(c) t = 80sec
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200 urn

Figure 5.29 Optical micrographs showing the effect of isothermal
holding time on the progress of recrystallization. Structure
of the 0.02%Nb steel with an applied strain of 0.5 at
850°C.
(a)t = 2 sec

(b) t = 22 sec

(c) t = 450 sec
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W^f^

(a)

(b)

(c)

100 urn
Figure 5.30 Optical micrographs showing the effect of isothermal
holding time on the progress of recrystallization. Structure
of the 0.02%Nb steel with an applied strain of 0.9 at
850°C.
(a)t = 2 sec

(b) t = 5 sec

(c) t = 20 sec
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5.5 Formation of Recrystallized Grains
Nucleation and the progress of recrystallization in hot deformed austenite were
investigated using optical microscopy, scanning and transmission electron microscopy.
The investigation was made on specimens deformed to strains of 0.25, 0.5 and 0.9
with different isothermal holding times in the temperature range 850-1000°C.

Recrystallization was observed to be initiated at grain junctions and on grain
boundaries, as shown in Figures 5.17, 5.22 and 5.28(a). It was found that serrations
of grain boundaries occur before initiation of recrystallization (e.g. Figures 5.22(a)
and 5.31). This behaviour was more visible at high temperatures (950 and 1000°C).
Furthermore, it was observed that the new grains nucleate within serrated grain
boundaries, as shown in Figure 5.31.

Examinations of specimens also indicated twin boundary serrations in specimens
deformed to strains of 0.5 and 0.9. This phenomenon was observed to be more
visible in the niobium steel. Figure 5.32 presents typical optical micrographs showing
serrated twin boundaries in the niobium steel specimens deformed to a strain of 0.5.

Nucleation of recrystallization at twin boundaries was observed in the two steels only
in specimens deformed to strains of 0.5 and 0.9. Typical micrographs exhibiting twin
boundaries as sites for nucleation of recrystallization are shown in Figure 5.33 .

It was observed that most of the nucleated grains at grain boundaries and twin
boundaries tended to grow into one side of the two deformed grains (Figures 5.21(b),
5.21(c), and 5.33). This behaviour is more visible in Figure 5.34 for a specimen of the
niobium steel with a prestrain of 0.5 at 950°C. It seems from this figure that the
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, 100 u m ,

Figure 5.31 Optical micrograph showing formation of recrystallized
grains within serrated grain boundaries in the niobiumfree steel, for a strain of 0.5 and 2 sec holding at 950°C.
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, 200 urn,

Figure 5.32 Optical micrographs showing distorted recrystallization
twin boundaries in the 0.02%Nb
strain of 0.5.
(a) 30 sec holding at 850°C
(b) 2 sec holding at 1000°C

steel with an applied
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(a)

(b)

100 urn

Figure 5.33 Optical micrographs showing formation of recrystallized
grains at recrystallization twin boundaries and grain
boundaries in the 0.02%Nb steel with an applied strain of
0.5 and 2 sec holding at 850°C (a), and 950°C (b).
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, 100 um,

Figure 5.34 Optical micrograph showing development of recrystallized
grains on one side of the two unrecrystallized grains in the
niobium-free steel. The steel sample was deformed to a
strain of 0.5 at 950°C and then water quenched within 2
sec.
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recrystallized grains have grown into the grain which was more work-hardened.

Deformation bands were observed in the work-hardened austenite of both steels,
associated with large strains (0.5 and 0.9). Optical micrographs showing deformation
bands in the specimens of the 0.02%Nb steel deformed to strains of 0.5 and 0.9 are
presented in Figure 5.35(a) and 5.35(b), respectively. Figure 5.36 exhibits optical
micrographs of specimens of the niobium-free steel deformed to a strain of 0.5,
indicating formation of new recrystallized grains within deformation bands. Figure
5.35(a) shows that how twin boundaries can act as the barrier for development of
deformation bands.

Another site of nucleation of recrystallized grains was found to be in the
unrecrystallized-recrystallized interface. Typical micrographs showing this
phenomenon for the niobium and the niobium-free steels are presented in Figures
5.29(c) and 5.37, respectively.

Formation of recrystallized grains was studied using transmission electron microscopy
(TEM). The results obtained indicated that some recrystallized grains originated from

within the subgrain structure in association with a pre-existing grain boundary. Figure
5.38(a) shows the early stage of formation of a recrystallized grain at a grain
boundary.

The misorientation between recrystallized grains and parent grains (unrecrystallized
grains) was detected using the selected area diffraction pattern (SADP) technique in
transmission electron microscopy (TEM), and electron back-scatter diffraction
(EBSD) in scanning electron microscopy (SEM). The results obtained from TEM are
presented in Figure 5.38. The SADP from the interior of the recrystallized grain
shown in Figure 5.38(a), is presented in Figure 5.38(c). Figure 5.38(d) shows the
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(a)

200 urn

(b)

100 jim.

Figure 5.35 Optical micrographs showing deformation bands in the
0.02 %Nb steel.
(a) 0.5 strain and 7 sec hold at 900°C
(b) 0.9 strain and 2 sec hold at 850°C
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100 urn

50 urn

H

Figure 5.36 Optical micrograph showing formation of recrystallized
grains within deformation bands in the niobium-free steel,
for a strain of 0.5 and holding 2 sec at 950°C.
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(a)

200 urn

(b)

100 urn

Figure 5.37 Optical micrograph showing formation of recrystallized
grains at the unreerystallized-reerystallized interface in the
niobium-free steel, deformed to a strain of 0.5 at 950°C,
and then water quenched within 2 sec.
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(d)

Figure 5.38 TEM micrographs showing the formation of a recrystallized
grain in the niobium-free steel, deformed to a strain of 0.9
and held 2 sec at 950°C.
(a) A recrystallization nucleus formed within subgrains in
association with a pre-existing grain boundary.
(b) Several subgrains in a

grain adjacent to the

recrystallized grain in (a).
(c) SADP

taken from the recrystallized grain in (a) (zone

axis <122> type).
(d) SADP of(b) (zone axis <111> type).
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S A D P obtained from several subgrains shown in Figure 5.38(b) which was taken from
the region above and adjacent to the recrystallized grain shown in Figure 5.38(a).
These results indicated a minimum misorientation of 16° between the recrystallized
and unrecrystallized grain.

The results of EBSD pattern analysis are presented in Figures 5.39 and 5.40. Fi
5.39(a) shows a small recrystallized grain located between two unrecrystallized grains.
The E B S D pattern taken from the recrystallized grain (grain R ) and the pattern
indexing are presented in Figure 5.39(b). Figure 5.40 indicates the E B S D pattern of
the two unrecrystallized grains shown in Figure 5.39(a) (grains U l and U2). The
E B S D patterns were indexed using Crystal Orientation System software according to
the measurements made, calibration settings and system configuration.

Misorientation analysis allowed calculation of the relative orientations of the
terms of the axis angle pair format. Table 5.1 shows the data which consist of the U,
V and W

direction cosines representing the crystallographic rotation axis. This

defines the axis about which one grain can be rotated into coincidence with the other.

Table 5.1 The data showing the relative orientations for the
EBSD produced in Figures 5.39 and 5.40.
Cosine Directions
Grains

U

v

W

Theta

R, U1

-0.49

0.803

0.332

46.48

R, U2

0.348

0.434

0.831

25.08

U1.U2

-0.32

0.683

0.655

61.78
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(a)

(b)
Figure 5.39 (a) SEM
formed

micrograph showing a recrystallized grain (R)
at a pre-existing grain boundary, (b) Indexed

electron back scattering diffraction pattern (EBSDP) of the
recrystallized grain in (a).
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(a)

111

mm
114
:

m

101

(b)
Figure 5.40 EBSDP

of (a) grain Ul, and (b) grain U2, as shown in

Figure 5.39(a).
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The angle theta is the angular displacement (rotation angle) in degrees between the
specified grains.

The results shown in Table 5.1 indicate that a high misorientation exists between th
recrystallized grain and either of the two unrecrystallized grains. Furthermore, Table
5.1 reveals that there is a high misorientation between the two unrecrystallized grains.

5.6 Recrystallized Grain Size

5.6.1 Temperature Effects
The effect of deformation temperature on the recrystallized austenite grain size in the
niobium-free and the niobium steels is shown in Figures 5.41 and 5.42, respectively.
The recrystallized grain sizes as a function of temperature were obtained after
deformation to strains of 0.25, 0.5 and 0.9 for different holding times.

In some cases, grain growth of the recrystallized austenite took place within the
quenching time (2 sec) and it was not possible to detect the recrystallized austenite
grain size by experiment. Therefore, the average grain sizes of these samples are not
presented in Figures 5.41 and 5.42. Grain growth of the recrystallized austenite
within 2 sec occurred after deformation to a strain of 0.9 at temperatures of 950 and
1000°C for the niobium free-steel and after deformation to a strain of 0.9 at 1000°C
for the niobium steel.

Figure 5.41 shows the effect of deformation temperature for the niobium free steel.
is obvious in this diagram, that the recrystallized grain size slightly increases with an
increase in temperature from 850° to 1000°C. For instance, the mean recrystallized
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Figure 5.41 Effect of deformation temperature and strain on the
average grain size of recrystallized austenite of the
niobium-free steel (d0=310 ttra).
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Figure 5.42 Effect of deformation temperature and strain on the
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grain size, after deformation to a strain of 0.5, increased from 73 urn to 81 urn at

1000°C, indicating that the grain size in the fully recrystallized state increases sligh
with increase in the deformation temperature.

The effect of deformation temperature on the recrystallized grain size of the niobium

steel is illustrated in Figure 5.42. It can be seen from this Figure that the trend in th
change of grain size with deformation temperature in the temperature range of 9001000°C is similar to that for the niobium-free steel. However, the resulting
recrystallized grains were coarser in the niobium steel. For example, after
deformation to a strain of 0.25 at 950°C, the mean recrystallized grain size was
126 |im for the niobium steel, whereas for the same temperature and strain, the size of
the recrystallized grains was 102 urn for the niobium-free steel. Similarly,
deformation to a strain of 0.9 at 900°C resulted in a mean recrystallized grain size of
48 |im in the niobium steel compared with 40 urn in the niobium-free steel.

It is clear from Figure 5.42 that the recrystallized grain size for deformation
temperatures of 850°C after various strains is not consistent with the trend in
recrystallized grain size for deformation at temperatures from 900° to 1000°C. Since
the temperature of 850°C is in the range for strain-induced precipitation, the larger
grain size at 850°C compared to 900-1000°C indicates that strain-induced
precipitation can exert a significant effect on the size of the recrystallized grains.
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5.6.2 Strain Effects
The effect of strain at various temperatures on the mean recrystallized austenite grain
size can be seen in Figures 5.41 and 5.42 for the niobium-free and the niobium steels,

respectively. It is obvious from these figures that the size of the recrystallized grains
decreases with increase in strain for both steels.

The effect of strain on the recrystallized grain size is shown more clearly in Figure
5.43 , where the mean recrystallized grain size is shown as a function of strain at
various deformation temperatures for the niobium-free and the niobium steels. Figure
5.43 also shows that the effect of decreasing the deformation temperature on the
recrystallized grain size is very small compared with the effect of strain on the
recrystallized grain size in both steels.

Figure 5.43(a) indicates that the decrease in recrystallized grain size with an increase
in strain from 0.25 to 0.9 was nearly linear for the niobium-free steel over the
temperature range examined. It is also clear that the decrease is non-linear for the
niobium steel, Figure 5.43(b).
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5.7 Recovery of Hot Deformed Austenite
Substructure formation and recovery effects in work-hardened austenite were
investigated after single-pass hot compression for a strain range of 0.25-0.9 at
temperatures in the range 850-1000°C.

Both dynamic and static recovery of work-hardened austenite occurred in the present
work for both niobium-free and niobium steels depending on the degree of
deformation, temperature and holding time. It should be noted that the investigation
of substructures in this study was concerned with the unrecrystallized regions even if
some parts of sample structure were recrystallized.

The degree of substructure formation and recovery were dependent on deformation
temperature, amount of strain, holding time and niobium addition.

5.7.1 Effect of Deformation Temperature and Strain
The austenite substructures in the as-deformed samples were mainly controlled by
deformation temperature. Experimental results indicated that, for a constant strain,
the recovery process accelerated with increasing deformation temperature.

Typical TEM photographs indicating the effects of deformation temperature on the
progress of recovery and subgrain formation are shown in Figures 5.44 and 5.45 for
the niobium-free and niobium steels, respectively. The steel samples were reheated,
compressed to a strain of 0.5 and then water quenched. These figures indicate that as
the deformation temperature increases, the density of dislocations decreases and the
subgrain size increases. Figure 5.45 shows the substructure of deformed austenite
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(a)

(b)

(c)

2 (im
Figure 5.44 TEM

micrographs showing the effect of deformation

temperature on substructure formation of work-hardened
austenite. Structure of the direct quenched niobium-free
steel with an applied strain of 0.5.
(a) 850°C

(b) 900°C

(c) 1000°C
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(a)

2 urn
Figure 5.45 TEM

micrographs showing the effect of deformation

temperature on substructure formation of work-hardened
austenite. Structure of the direct quenched 0.02%Nb steel
with an applied strain of 0.5.
(a) 850°C

(b) 900°C

(c) 950°C
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after an applied strain of 0.5 at temperatures of 850, 900 and 950°C for the niobium
steel. It is clear from this figure that a cell structure with a high density of
dislocations was formed after deformation at 850°C. The cell structure was more
developed with an increase in the temperature from 850 to 900°C (Figure 5.45(b)).
With further increase in temperature to 950°C, the cells became larger and their walls
became sharper with a neater dislocation array (Figure 5.45(c)).

Comparison of Figures 5.44 and 5.45 indicates that, for a constant deformation
temperature, the subgrain size is smaller in the niobium steel than in the niobium-free
steel. This effect is clearer at 850°C where NbC precipitates are present in niobium
steel.

One of the important factors that affects the substructure of deformed austenite is
strain. Experimental results show that high strains accelerate the recovery process in
deformed austenite for both steels.

Figures 5.46 and 5.47 are typical TEM photographs showing the effect of strain on
substructure formation and subgrain size of work-hardened austenite in the niobiumfree and niobium steels, respectively. These figures show that the dislocations and/or
cell structure produced after deformation at lower strains have been changed to
subgrains after deformation at higher strains. In addition, the size of cells and
subgrains decreased as the applied strain increased from 0.25 to 0.9.

5.7.2 Effect of Holding Time
The experimental results showed that the isothermal holding time after deformation
had a significant effect on the progress of recovery, leading to initiation of
recrystallization.
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(a)

(b)

2 ttm

Figure 5.46 TEM

micrograph

showing

substructure formation

of

the effect of strain on
work-hardened austenite.

Structure of the direct quenched
deformed at 850°C.
(a) e = 0.25

(b)z = 0.9

niobium-free steel
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(a)

(b)

2UJTI

Figure 5.47 TEM

micrograph

showing

substructure formation

of

the effect of strain on
work-hardened austenite.

Structure of the direct quenched 0.02%Nb steel deformed
at 950°C.
(a) £ = 0.25

(b) e = 0.9
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Typical TEM micrographs showing the effect of isothermal holding time on
substructure formation and the progress of recovery in the reference niobium-free and
the niobium steels is given in Figures 5.48, 5.49, and 5.50.

Figure 5.48 presents the results after deformation to a strain of 0.25 at 850°C in the
niobium-free steel. In the niobium steel, the results for a strain of 0.25 at 850°C and a
strain of 0.5 at 900°C are shown in Figures 5.49, and 5.50, respectively.

In the deformed austenite grains, a higher density of dislocations was produced in
both steels. B y holding the specimens at the deformation temperature, a cellular
structure was produced which eventually changed to a subgrain structure at longer
holding times. A s holding time increased, the subgrain walls become sharper with
neater dislocation arrays.

5.8 Effects of Niobium Addition on Changes of Hardness
in Work-Hardened Austenite Regions
Low load hardness tests were performed on both the niobium-free and the niobium
steels after selected isothermal holding times, to investigate the progress of austenite
recovery and the effect of niobium on the recovery process. The changes of hardness
versus isothermal holding time in deformed austenite are shown in Figure 5.51 for
both steels after deformation to a strain of 0.25 at 850°C.

Figure 5.51 indicates that the hardness decreases continuously with isothermal holding
time for the niobium-free steel. In the niobium steel, two trends were observed for
hardness values as the holding time increased from 2 to 780 sec. It can be seen in
Figure 5.51 that the change of hardness with holding time in the range of 2-12 sec
was similar to that for the niobium-free steel. However, the resulting hardness values
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Figure 5.48 TEM

micrograph showing the time rate of progress of

substructure formation

in

the

niobium-free

compressed to a strain of 0.25 at 850°C.
(a)t = 2 sec

(b) t = 22 sec

(c) t = 40 sec

steel,
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Figure 5.49 TEM

micrograph showing the time rate of progress of

substructure formation in the 0.02%Nb steel, compressed
to a strain of 0.25 at 850°C.
(a)t = 2 sec

(b) t = 40 sec

(c) t = 240 sec
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(a)

(b)

2 urn

Figure 5.50 TEM

micrograph showing the time rate of progress of

substructure formation in the 0.02%Nb steel, compressed
to a strain of 0.5 at 900°C.
(a)t=7 sec

(b) t = 15 sec
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Figure 5.51 Plots of hardness versus isothermal holding time for both
niobium-free and 0.02%Nb steels, after deformation to a
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were slightly higher in the niobium steel. After 12 sec holding time the hardness curve
rose sharply to a peak and then decreased with increasing holding time.

It is of interest to note that since the initial austenite grain sizes of both steels
same, the higher hardness values for the niobium steel compared to the niobium-free
steel and the observed retardation effect on recovery and subgrain formation is due
entirely to the effect of niobium

The student-r test was applied to the hardness values for the niobium steel to find the
probability that the observed difference between the mean values of hardness for the
samples with 12 and 22 sec holding time was significant.

A value of t = 1.72 was calculated based on the hardness values of the two samples
and a comparison was made of this calculated t value with the critical value of t, for
n = 62 degrees of freedom. The calculation indicated that the difference between the
two mean hardness values is significant with a 90% confidence level. Therefore, the
observed difference in hardness between holding times of 12 and 22 sec is unlikely to
be due to experimental error and can be attributed to the strain-induced precipitation
of NbC. The hardening of the deformed austenite results from strain-induced
precipitation on the cell structure and/or subgrains.
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5.9 Precipitation of Niobium Carbide in Austenite
Transmission electron microscopy studies of thin foils and extraction replicas of
niobium steel were performed to investigate the precipitation behaviour of NbC after
the hot deformation of austenite. In particular, the interaction between precipitation,

dislocation structure and recrystallization was investigated. The results in this section
are only for samples which were deformed and isothermally held at 850°C.

Figure 5.52 shows the extracted strain-induced precipitates of NbC in a specimen
deformed to a strain of 0.25 at 850°C, and held at this temperature for various holding
times. No precipitates were observed for holding times of less than 22 sec for this
sample. With holding times >22 sec, precipitates were observed in the austenite and
Figure 5.52 indicates the coarsening behaviour of particles with increasing holding
times in the range from 22 to 780 sec.

It is of interest to note that when a specimen is partially recrystallized, it is very
difficult by the extraction replica technique to distinguish whether observed particles
are from work-hardened or recrystallized regions. Therefore, in this case, a carbon
extraction replica cannot be regarded as an accurate technique for the determination

of the relative sizes of the particles in the unrecrystallized and recrystallized regions
austenite.

The results obtained by thin foil electron microscopy indicated that the strain-induced
particles precipitate at grain boundaries, dislocations and subgrain boundaries. Figure
5.53 presents electron micrographs for the specimen deformed to a strain of 0.25 and
isothermally held at 850°C, showing precipitation of NbC at boundaries and in the
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200 nm
Figure 5.52 Carbon extraction replica micrographs of NbC precipitates
observed in samples deformed to a strain of 0.25 and held
isothermally at 850°C for holding times of (a) 22 sec, (b)
450 sec, and (c) 780 sec.
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(a)

(b)

100 nm
Figure 5.53 TEM

micrographs

showing

the presence

of

NbC

precipitates at boundaries in deformed austenite, and small
precipitates in the work-hardened matrix grains. The
specimen

was

deformed

to a

isothermally held 40 sec at 850°C.

strain of 0.25

and
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interior of work-hardened grains. It is clear from this figure that the m e a n sizes of the
particles in grain and subgrain boundaries are larger than those in the interior of
grains.

Typical micrographs showing the precipitates of NbC on dislocations and dislocation
boundaries are presented in Figures 5.54 and 5.55. It should be noted that these
micrographs were taken from work-hardened regions. Figure 5.54 is a TEM
micrograph of a thin foil specimen after deformation to a strain of 0.25 with an
isothermal holding time of 40 sec at 850°C. Similarly, Figure 5.55 shows the
interaction between precipitates and dislocations for the specimen deformed to a
strain of 0.5 and held 450 sec at 850°C.

An example of the pinning effect of NbC particles on a subgrain boundary is presented
in Figure 5.56. This figure is a thin foil electron micrograph of a specimen which was
deformed to a strain of 0.25 and isothermally held for 120 sec at 850°C. The
precipitation and pinning effect of strain-induced NbC particles (e.g. Figure 5.56) led
to significant retardation of recovery and recrystallization.

The pinning effect of strain-induced NbC particles at the interface of recrystallizedunrecrystallized grains is presented in Figure 5.57. It was observed that there was a

high density of small NbC particles in the unrecrystallized regions, and a lower density
of coarser particles in the recrystallized regions, see Figure 5.58. A thin foil
micrograph showing the bright field and dark field image of coarsened, widely spaced,

particles in the recrystallized region is also presented in Figures 5.59(a) and 5.59(b).
Figures 5.59(c) and 5.59(d) are the selected area diffraction pattern and the indexed
pattern of Figure 5.59(a). The electron micrographs shown in Figures 5.57 to 5.59
are typical of the specimen prestrained to 0.5 and then held for 450 sec at 850°C,
which was 60% recrystallized.
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, 100 n m -

Figure 5.54 TEM micrograph of a thin foil specimen deformed to a
strain of 0.25 and isothermally held 40 sec at 850°C,
showing NbC precipitates on dislocations within deformed
austenite grains.
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micrographs showing NbC

191

precipitates in work-

hardened (unrecrystallized) regions. The sample

was

deformed to a strain of 0.25 and isothermally held 40 sec
at 850°C.
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200 nm

Figure 5.56 TEM

micrograph of a thin foil specimen, illustrating the

pinning effect of NbC precipitates on a subgrain boundary.
The specimen was deformed to a strain of 0.25 and
isothermally held 120 sec at 850°C.
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Figure 5.57 TEM

micrographs showing the pinning effect of strain-

induced NbC precipitates in the recrystallizing interface.
The specimen was deformed

to a strain of 0.5 and

isothermally held 450 sec at 850°C.
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200 nm

Figure 5.58

TEM

micrographs exhibiting the recrystallizing interface

in the specimen

deformed

to a strain of 0.5 and

isothermally held 450 sec at 850°C. Niobium

carbide

precipitates are observed to be fine in the unrecrystallized
region and coarse in the recrystallized region.
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0.5 urn

0.5 urn

(b)

(a)

(111)7

(200),

O
(d)

(c)
Figure 5.59 TEM

[011]y

micrographs of a thin foil specimen deformed to a

strain of 0.5 and isothermally held 450 sec at 850°C,
illustrating

coarsely spaced

NbC

particles in

a

recrystallized grain, (a) the bright field image, (b) the dark
field image of (a), (c) the selected area diffraction pattern
of (a), and (d) interpretation of(c).
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6. DISCUSSION

6.1 Materials Examination

The prime requirements of an austenitic analogue alloy are the stability of austenite a
room temperature and formation of NbC precipitates in the austenitic structure.
Hence, there was a need to verify these properties in the experimental steels.

The martensite start transformation temperature (Ms) was measured using the
differential scanning calorimetry (DSC) technique. The results are presented in
Figures 5.1 and 5.3. It is evident from Figure 5.3 that the Ms temperature is
determined by the grain size of the austenite. The Ms was found to be independent
for grain sizes above 150 urn, whereas below 150 urn, the transformation temperature
was strongly depressed.

It has been pointed out that the depression of the Ms temperature in the small grained

structure is as a result of (1) segregation of active martensite nuclei into a few smal

grains, (2) a suppression of the autocatalytic stimulation of martensite plates between
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adjacent grains, and (3) a possible reduction in the number of martensite nuclei
(Hayzelden and Cantor, 1986).

It should be mentioned that the maximum grain size produced during thermomechanical processing of the present work was about 310 tim and Figure 5.3
indicates an M s temperature of -35°C for this grain size. This result and the fact that

Ms decreases with decreasing grain size indicates that the austenite structure is stab
at room temperature for any grain size variations obtained in the present work.

The types of the precipitates formed in the niobium steel were analysed using electron
diffraction patterns and energy dispersive x-ray spectroscopy.

These techniques

confirmed the presence of NbC precipitates, as shown in Figures 5.4 and 5.5.

6.2

Effect of Niobium on Austenite Grain Coarsening
Behaviour

Transmission electron microscopy, optical microscopy and grain size measurements
were employed to determine the austenite grain coarsening behaviour and,
consequently, the solution temperature for N b C precipitates. The experimental results
obtained are presented in Figure 5.6 through 5.13.

The results of the austenite grain size measurements as a function of reheating
temperature are shown in Figure 5.6 for both the niobium-free and 0.02%Nb steels.
A s shown in this figure, grain growth occurred after reheating at 1050°C for the
niobium steel. In addition, abnormal grain growth occurred at 1100°C with further
rapid growth as the temperature was increased to 1150°C. In contrast, the niobiumfree steel showed normal grain growth as the reheating temperature was raised from
850toll50°C.

Chapter Six

198

Discussion

Optical microscopy revealed mixed, small and large, austenite grains in the niobium
steel after reheating to 1050°C and the development of a higher volume fraction of
large grains, after reheating at 1100°C (Figures 5.8(b) and 5.9(c)). However, in the
niobium-free steel, normal grain growth was observed in which the grain size
systematically increased with increasing temperature, while maintaining an apparently
normal distribution of sizes (Figures 5.9(a) and 5.9(b)).

Transmission electron microscopy confirmed the presence of fine NbC precipitates in
the hot rolled structure of the niobium steel (Figure 5.10). Dissolution of these
particles occurred after reheating to 1050°C. However, some coarse undissolved
particles were still present after this treatment. Increasing the reheating temperature
to 1150°C resulted in further solution of the small particles and the remaining
undissolved particles were further coarsened (Figure 5.13(b)).

The grain coarsening behaviour of microalloyed steels has been studied by numerous
investigators (e.g. Irvine et al., 1967; Gladman and Pickering, 1967; Feng et al.,
1989). All of these studies gave results similar to those obtained in the present
investigation. At temperatures below the grain coarsening temperature of the niobium
steel, austenite grain growth was suppressed by the NbC precipitates. This pinning
effect resulted in a uniform distribution of austenite grain sizes, as shown in Figures
5.7(c) and 5.7(d).

Gladman (1966) and Hillert (1965) have proposed the following equation which is
based on the concept that the onset of abnormal grain growth is initiated by the
Ostwald ripening of precipitates:

(6.1)

K

U

z)
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where, rc: the mean maximum particle radius that will effectively counteract
the driving force for grain growth,
R0 : the m e a n radius of the matrix grains,
/v: the volume fraction of second phase particles, and
Z : the ratio of the radii of growing and matrix grains
The important point to be noted from equation (6.1) is that a high volume fraction of
small particles can strongly hinder boundary migration.

When precipitates coarsen and show a mean radius r which exeeds rc, then the larger
grains will be able to grow as they consume their neighbours. Furthermore, abnormal
grain growth develops as precipitates coarsen and go into solution in austenite and,
therefore, their volume fraction decreases.

As the reheating temperature was increased to 1150°C, which is well above the grain
coarsening temperature, the structure consisted of a normal distribution of austenite
grain sizes (Figure 5.9(d)), because of the absence of particles which are effective in
hindering growth at this temperature. Transmission electron microscopy detected a
very small volume fraction of the coarse N b C precipitates after reheating to 1150°C
(Figure 5.13(b)). These remaining particles are ineffective in inhibiting grain growth
because, firstly, they are coarse and, secondly, because the interparticle spacing
between the particles is large.

The experimental results for the grain coarsening behaviour of the niobium steel
indicated the solution temperature of N b C to be in the range of 1050-1100°C.
However, there are little data on the solubility of N b C in austenite for high nickel
austenitic alloys. The solubility equations for low alloy steels were considered to be
indicative of the precipitation characteristics of the niobium steel.
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It should be noted that the effect of nickel on the solubility of N b C in austenite has
been investigated by some workers (Koyama et al, 1971; Harries, 1981). It was
found that increasing the nickel slightly increases the solubility of NbC in austenite.

Table 6.1 presents published solution temperatures, together with the equations from
which the values for solution temperatures were calculated. It is evident from Table
6.1 that the equations predict the solution temperature to be approximately in the
range 1050-1100°C. This range is compatible with the temperature obtained from the
experimental results for the niobium steel investigated in the present work. However,
an austenitizing temperature 1175°C was selected for the experimental investigation
to ensure that most or all of the niobium was in solution.
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Table 6.1 Solution temperature of NbC in a 0.02%Nb steel
predicted by various solubility equations.

Solubility Equation

Sol. Temp.
(C)

log[Nb][C]=4.37-9290/T

1074

(Johansenef a/., 1967)

log[Nb][C] = 3.11-7520/T

1088

(Nordberg and Aronson, 1968)

log[Nb][C] = 3.04-7920/T

1037

(Nordberg and Aronson, 1968)

log[Nb][C] = 3.42-7900/T

1056

(Narita, 1975)

log[Nb][C] = 3.18-7700/T

1103

(Mori etal, 1968)

log[Nb][C]=2.96-7510/T

1096

(Nordberg and Aronson, 1968)

log[Nb][C]=2.9-7500/T

1100

(Nordberg and Aronson, 1968)

log[Nb][C] = 3.31 - 7970/T + 0

1093

(Andradeefa/., 1983)

log[Nb][C] = 2.81-7019.5/T

1070

(SharmaefaZ., 1984)

log[Nb][C] = 3.4-7920/T

1088

(Lakshmanan and Kirkaldy, 1984)

log[Nb][C] = 1.18-4880/T

1045

(Balasubramanian et al, 1988)

log[Nb][C]=4.55-9350/T

1049

(Pickering, 1984)

Reference
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6.3 Effect of Niobium on Deformation Temperature
Dependence of Recrystallization
The effects of deformation temperature on the progress of recrystallization in the
niobium-free and niobium steels are shown in Figures 5.15 and 5.19. The data from
these diagrams are combined in Figure 6.1. Samples of the steels were reheated to
various temperatures for various times to obtain an austenite grain size of about
310 lim, then compressed at the specified temperatures for various strains, and
quenched in water within 2 sec.

It is clear from Figure 6.1 that, for the same conditions, the percentage of austenite
recrystallization in the niobium-free steel is higher than in the niobium steel. In other
words, for a given strain, a lower deformation temperature is needed to produce the
same amount of recrystallization in the niobium-free steels as in the niobium steel.

The difference in the progress of recrystallization in the two steels can be explained as
follows.

In the niobium steel, when most of the NbC is in solution, the niobium solute atoms
interact with dislocations. This interaction (solute drag) inhibits dislocation climb
resulting in retardation of recovery and, eventually, retardation of austenite
recrystallization.

Transmission electron microscopy failed to detect any strain-induced precipitates in
the specimens which were quenched within 2 sec after the deformation, even at low
temperatures. This means that the 2 sec period within which quenching was effected
after compression was not sufficient for precipitation of N b C from austenite.
Therefore, the retardation of austenite recrystallization on direct quenching of the
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niobium steel cannot be due to strain-induced precipitation and can only be attributed
to the solute drag effect of niobium at all temperatures compared with the niobiumfree steel.
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6.4 Effect of Niobium o n Critical Strain for Static
Recrystallization
Comparison of recrystallization behaviour in the two steels after reheating, single pass
compression and direct quenching is shown in Figure 6.2. This diagram combines the
data from Figures 5.16 and 5.20 for the niobium-free and niobium steels, respectively.

In this figure, two lines indicating the critical strain for the start (Rs) and for finish
of recrystallization divide the area into three regions. These regions are the nonrecrystallized ( N R ) , partially recrystallized (PR), and fully recrystallized (R) regions.
The R s and R f lines shift to higher strains with the addition of niobium. Figure 6.2
also indicates that as either deformation temperature or strain increases, the austenite
changes from partially to completely recrystallized. It is obvious from Figure 6.2 that
the critical strain increases with decreasing deformation temperature. This behaviour
is due to the increased thermal activation available for recrystallization at high
temperatures.

The effect of niobium on the critical strain is another important feature shown in
Figure 6.2. Comparison of the R s and R f lines for the niobium-free and niobium steels
indicates that the niobium increases the critical strain for the start and finish of
recrystallization provided that the niobium is in solution in the austenite and
consequently can interfere with the migration of dislocations, and subgrain and grain
boundaries.
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Progress of austenite recrystallization in the two steels.

The samples were reheated, compressed in the range of
850-1100°C, and then water quenched within 2 sec. Rs and
Rfare start and finish recrystallization curves, respectively.
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6.5 Effect of Niobium on Kinetics of Static
Recrystallization
Static recrystallization curves for the two steels after reheating, compression and
holding at the deformation temperatures were shown in Figures 5.23 through 5.26.
The data from Figures 5.23 and 5.24 for a strain of 0.25 are combined in Figure 6.3,
except for the data for 900°C to simplify the diagram. Figure 6.4 combines the data
from Figures 5.25 and 5.26 for a strain of 0.5, except for the data for 1000°C to avoid
overlap of the curves..

Comparison of the recrystallization curves for the two steels indicates that the
niobium has two effects on the kinetics of static recrystallization at all temperatures
and strains.

First, it increases the incubation time for commencement

of

recrystallization, and secondly, it increase the time for completion of recrystallization.
These effects were stronger at low temperatures. For example, Figure 6.3 shows that
after deformation to a strain of 0.25 and holding at 850°C, the incubation time for the
niobium-free and the niobium steels were 3 sec and 22 sec, respectively.

After

deformation to the same strain at 1000°C, the incubation time for the niobium steel
was 2 sec, whereas the niobium-free steel was 1 0 % recrystallized after this time.
Similarly for the second effect, Figure 6.4(b) shows that after a strain of 0.5, the times
to completion of recrystallization at 850°C were 30 and 100 sec for the niobium-free
and niobium steels, respectively. At 950°C these times were 7 and 10 sec for the
respective steels.

The different rates of static recrystallization in the two steels are evident for all
temperatures and strains. For instance, Figure 6.3 shows that after a strain of 0.25
and holding for 20 sec at 850°C, the amount of recrystallization in the niobium-free
steel w a s about 8 5 % , whereas the niobium steel was only 5 % recrystallized.
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Progress of static recrystallization in the niobium-free and
niobium steels (d0 = 310 \im). The steel samples were
reheated, compressed to a strain of 0.25 and held at the
specified temperatures.
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reheated, compressed to a strain of 0.5 and held at the
specified temperatures.
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O n the other hand, after deformation to a strain of 0.25, the time needed for 9 5 %
recrystallization at 950°C was 38 sec for the niobium-free steel and about 70 sec for
the niobium steel.

The longer incubation time and the longer time for completion of recrystallization in
the niobium steel are due to the solute drag effect of niobium at higher temperatures
(> 900°C), and the effect of precipitation pinning by NbC at lower temperatures
(<900°C) (Coladas et al, 1977; Jonas and Akben, 1981, Yamamoto et al, 1982;
Speer and Hansen, 1989). These effects are discussed in detail in Section 6.13.

An analysis of data relating to the formation of recrystallization nuclei,
recrystallization progress and rate of grain growth indicates that, in this case, the
Avrami equation (1939) can be used to model the progress of recrystallization.
According to this equation:

X = l-txp(-Btk) (6.2)

where X is the volume fraction recrystallized in time t, and B and k are constants.
Equation (6.2) can be rewritten as follows:

login

1

= logB + k\ogt

(6.3)

1-X

in which a plot of log ln [1/(1-X)] against log t should give a straight line. The slope
of the resultant line indicates the time exponent k in equation (6.3).

All the data available in Figures 5.23 to 5.26 were redrawn as log ln[l/(l-X)] against

log t to calculate the time exponent k in the Avrami equation. Figure 6.5(a) indicates
the Avrami relationships for the niobium-free steel after deformation to a strain of
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0.25 at various temperatures. The data for this steel reasonably fit the Avrami
relationship with an exponent k= 1.5. The recrystallization data plotted in Figures
5.23-5.26 generally followed the Avrami relationship.

It has been shown (Wusatowski, 1966; Barraclough and Sellars, 1979; Towle and
Gladman, 1979) that the original grain size in 304 stainless steel has a significant
effect on the recrystallization kinetics and on the k value in the Avrami equation. It
was demonstrated that the value of k decreases as initial grain size increases.

For steels in which recrystallized grains nucleate strongly at grain boundaries for
temperature and strain ranges similar to those of the present investigation, it is
obvious that the rates of nucleation and growth (indicated by the k value) tend to
decrease as the initial grain size increases. For example, Barraclough and Sellars

(1979), in an investigation of the effect of initial grain size in a 304 stainless steel,
found that the Avrami relationship for a grain size of 140-180 [tm corresponded to
k = 2, but for grain sizes of 230 and 530 urn the best fits were given for k = 1.5 and
k = 1, respectively. Therefore, the value of k obtained in the present work (k = 1.5)
for d0 =310 itm and for predominantly grain boundary nucleation is consistent with
the work of Barraclough and Sellars (1979).

In the niobium steel, the value of k varied in terms of the temperature regime. At high
temperatures, niobium was in solution, and the data gave a value of 1.5 for k, whereas
the value was 0.9 below 900°C, where strain-induced precipitation occurred. Figure

6.5(b) illustrates the different kinetics of static recrystallization in the solute dra
regime (900, 950 and 1000°C) and in the precipitation pinning regime (850°C) after
deformation to a strain of 0.25.
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Figure 6.5

Diagram showing the effect of deformation temperature on
the progress of recrystallization according to the Avrami
relationship, after deformation to a strain of 0.25 for (a)
niobium-free steel and (b) 0.02%Nb steel.
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The similar value of k for the niobium steel in the solute drag regime and for the
niobium-free steel indicate that niobium in solution does not change the kinetics of the
recrystallization process. However, the niobium solute atoms in this condition can
interact with dislocations. This interaction (solute drag) inhibits dislocation climb
resulting in retardation of recovery and, eventually, retardation of austenite
recrystallization and displacement of the linear relationship to longer times, i.e. the
"incubation" period is longer (Yamamoto et al, 1982; Speer and Hansen, 1989).

The most important effect of niobium in austenite was evident in the precipitation
regime where k was 0.9 compared with a value of 1.5 in the absence of strain-induced
precipitation. Figure 6.6 indicates the effect of NbC precipitates on the slope of the
relationship in the two steels. It is obvious that the NbC particles precipitate on the
dislocations and grain and subgrain boundaries, and can decrease the rate of formation
of recrystallization nuclei and the rate of growth of recrystallized grains.

Analysis of the lines for the niobium-free steels showed that the slope of the straight
lines is independent of the strain and deformation temperature which is in agreement
with the results provided in the literature (Sellars, 1980a; Barraclough and Sellars,
1979; Wusatowski, 1966). However, for the niobium steel, the value of k tended to
increase very slightly as the temperature decreased, although there was substantial
scatter in the recrystallization results (Figures 5.23-5.26) and this trend may not be
significant.
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6.6 Formation of Recrystallized Grains
It is generally accepted that recrystallized nuclei form preferentially at sites where
local deformation is highest such as grain boundaries, twins, phase interfaces and
deformation bands. Among all the above high local deformation sites in deformed

structures, the grain boundaries play the most important role in the nucleation process
(Cahn, 1966).

In the present work for both steels the preferential nucleation site for recrystallizat
was grain boundaries, as shown in Figures 5.22(b) and 5.28(a). This phenomenon is
consistent with the observations for other steels where grain boundaries themselves
act as nucleation sites for recrystallized grains (Kozasu and Shimizu, 1971; Kozasu et
al, 1971; Jones, 1979).

It has been reported that serration of grain boundaries occurs during hot deformation
of microalloyed steel (Kwon and DeArdo, 1988), and austenitic stainless steel
(Kozasu and Shimizu, 1971). This phenomenon was also observed in the present case
prior to commencement of recrystallization, as shown in Figures 5.22(a) and 5.31. It

was found that these serrations acted as sites for nucleation of recrystallized grains,
shown in Figure 5.31.

It is inferred that thermally induced grain boundary migration occurs to eliminate loca
high concentrations of dislocations, resulting in serrated grain boundaries. However,
rather than the bulges developing into recrystallized grains as in the bulge mechanism
(SIBM), it is proposed that nucleation occurs in heavily dislocated residual pockets
between the bulges by subgrain growth or coalescence, because the activation energy

for nucleation at these sites is significantly lowered. The failure of the serrations t
develop into bulge nucleated recrystallized grains could be due to establishment of a
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balance between the surface free energy of the highly curved interface and strain
energy difference across the interface. Figure 6.7 shows a schematic model for the
nucleation of recrystallization in pocket regions by subgrain coalescence.

The TEM results confirmed that recrystallized grains could originate from within the
subgrain structure in association with a pre-existing grain boundary. Figure 5.38(a)
shows the early stage of formation of a recrystallized grain at a grain boundary.
Selected area diffraction from subgrains in the interiors of the two unrecrystallized
grains adjacent to the recrystallized grain indicated that the subgrains were separated
by low angle boundaries (Figure 5.38). Electron back-scattering diffraction from
SEM indicated that recrystallized grains, which formed at high angle grain boundaries,
had misorientations which were high relative to either of the two unrecrystallized
grains (Figures 5.39 and 5.40). This observation rules out SIBM which establishes a
recrystallized grain similar in orientation to one of the two grains separated by the
grain boundary. High lattice curvature due to concentration of strain in the boundary
region could result in recrystallized grains which are highly misoriented with respect
to the average orientations of the two grains in regions removed from the high angle
grain boundary.

It has been proposed that the process of subgrain coalescence can occur preferentially
in the vicinity of a high angle boundary (Li, 1962) because of absorption of subgrain
boundary dislocations into the grain boundary. This proposal was later experimentally
supported by Faivre and Doherty (1979) and Jones et al, (1979). The serrated grain
boundaries developed after deformation in the present case could provide very potent
sites for coalescence of subgrains by dislocation absorption into adjacent highly
curved grain boundaries.
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A series of schematic diagrams indicating a way in which
subgrain coalescence can lead to the nucleation of
recrystallization at a high angle serrated grain boundary
(along AB).
(i) The boundary between two heavily deformed grains
showing the subgrains.
(ii) Commencement

of

subgrain

migration

and

coalescence at two sites in grain 1.
(hi) Development

of adjacent strain-free bulged regions

(serration) in grain 1 to stable sizes.
(iv) Nucleation (N) of recrystallization by subgrain coalescence in the heavily deformed pocket between bulges.
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Although bulge nucleation w a s not identified in the present work, this mechanism has
been reported in Fe-31Ni after deformation to a very low strain (£ = 0.08) at high
temperatures and low strain rates (Maki and Tamura, 1984).

Formation of recrystallization nuclei at the unrecrystallized-recrystallized interface
was observed in the present work for both steels (Figures 5.22(c), 5.29(c) and 5.37),
and similar nucleation of ferrite from deformed austenite has previously been reported
in niobium microalloyed steels (Roberts et al, 1977). This type of nucleation was
more evident in the niobium steel used in this study. This difference may be due to
the presence of NbC at the unrecrystallized-recrystallized interface, promoting renucleation at the pinned stationary interface.

Another form of nucleation of recrystallized austenite grains resulted in successive
layers of fine recrystallized grains (second and high order "necklaces'") which resulted
in progressive thickening of the recrystallization front from the grain boundaries.
This effect occurred after applied strains of 0.5 and 0.9 (Figures 5.18(b), 5.21(b) and
5.30(b)). Regions adjacent to grain boundaries have a higher dislocation density, and
therefore, a higher strain energy, than regions in the grain core and can provide sites
for additional nucleation (Larson and Kocks, 1963; Griffiths and Riley, 1964; Cotterill
and Mould, 1976).

A similar phenomenon to that above has been noted for formation of ferrite nuclei
from deformed austenite. This type of nucleation has been referred to as "cascade"
nucleation (Maitrepierre and Rofes-Vernis, 1975; Amin and Pickering, 1982). The
present work indicates that the occurrence of cascade recrystallization in coarse
austenite grains requires a strain higher than about 0.5, to generate heavily deformed
volumes adjacent to the boundaries.
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Nucleation at twin boundaries was observed after deformation to strains of 0.5 and
0.9 for both niobium-free and niobium steels. Figures 5.33(a) and 5.33(b) are typical
optical microstructures showing the formation of new grains on twin boundaries in the
niobium steel after deformation to strains of 0.5 and 0.9, respectively. This
observation is consistent with the accumulation of dislocations at twin boundaries and
the breakdown of coherency. The stacking fault energy of Fe-31Ni steel has been
reported to be about half of the value for y-Fe (Charnock and Nutting, 1967), and so
the formation of extended dislocations will be favoured with the associated difficulty
in cross-slip across the twin boundaries. Dislocation pile-ups and the development of
cell structures around the twin boundaries would occur, providing the driving force
for subsequent localized grain boundary bulging.

In the cases of nucleation at grain boundaries and at twin boundaries, most of the
nucleated grains tended to grow into only one of the two deformed grains depending
on the degree of work hardening of each grain (Figures 5.17 (b), 5.29 and 5.33).

A heavily twinned structure was observed in the growing recrystallized grains and in

grains after recrystallization consistent with the low stacking fault energy of the ste
in the present work. This phenomenon can be seen in all of the optical
microstructures of both steels shown in Figures 5.17-5.30.

Nucleation of new recrystallized grains was localized and inhomogeneous. As
mentioned already in this section, the sites favoured for nucleation are those regions
which have been severely work hardened by deformation. Therefore, it is possible to
have localized and inhomogeneous recrystallized grains as result of the large starting
grain size and the inhomogeneous nature of the deformation.

It has been pointed out that deformation bands in heavily deformed austenite can act

as nucleation sites for recrystallized grains in microalloyed steels (Inagaki, 1983) an

Chapter Six

Discussion

220

in austenitic stainless steels (Barraclough and Sellars, 1979; Kozasu and Shimizu,
1971). A similar phenomenon was also observed in the present case, but only after
deformation to a strain of 0.9. Figure 5.36(b) shows that small numbers of
deformation bands were replaced by fine newly recrystallized grains. Meanwhile, not
all deformation bands act as nucleation sites, probably due to variations in the
associated strain energy (Dillamore, 1978).

In summary, the combination of results from optical and transmission electron
microscopy indicated that grain boundary nucleation dominated in the early stages of
recrystallization, preceded by the development of grain boundary serrations resulting
from local thermally induced grain boundary motion to partially reduce the high level
of strain energy stored in the boundary region. The observations are consistent with
the operation of subgrain coalescence in the nucleation of recrystallized grains at the
serrated grain boundaries. For high strains (>0.5) both grain and twin boundary
nucleation was observed and, in addition, intragranular nucleation occurred in heavily
deformed bands adjacent to the boundaries by subgrain growth or coalescence.
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6.7 Prediction of Time to 5 0 % Recrystallization (t05)
The original mathematical models for the recrystallization of niobium HSLA steels
were proposed by Sellars and co-workers (1979, 1980a). They used a modified
Avrami equation, and data from a wide range of published sources, to predict the
kinetics of static recrystallization with a time constant (t0.5).

The models were:

(
X = 1 - exp -0.693

ty

(6.4)

v^o.sy

r0.5=Ae^2exp

where,

and

(6.5)

RT J

X : fraction recrystallized

t: holding time (sec)
t0.5 : time to 50% recrystallization (sec)
e : strain
d0 : initial grain size (|xm)
Qrex: apparent activation energy for recrystallization (Jmole")
R : gas constant (JK^mole"1)
T: holding temperature (C).
A : material dependent constant
Sellars (1980a) developed these equations for the temperature regimes above and
below the temperature for strain-induced precipitation. The equations for each
regime were specified by a different apparent activation energy and constants.
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Later, several workers (Williams et al, 1988; Choquet et al, 1990; Laasraoui et al,
1991) proposed other equations to predict the recrystallization behaviour in niobiumcontaining HSLA steels, but they were based on very limited experimental data.

In more recent models, Sellars (1986) modified Equation (6.5) by adding an extra
term for the effect of niobium content in solid solution:

W =

AJ02e^exp(

Q^

U?V

exp

2.75 x l O 5

[Nb]

-185
J

(6.6)

)

The main difference among the various models concerns the effect of strain rate.
Some models are strain rate dependent (Choquet et al, 1990; Laasraoui et al, 1991),

whereas other models do not include an effect of strain rate (Sellars, 1986; Roberts e
al, 1984). Nevertheless, it has been demonstrated that strain rate has only a very
slight effect on to.s (Hodgson, 1993).

The available equations were not compatible with the data from the present work in
the solute drag regime. This disagreement is probably due to the different
composition and activation energy of the steels in the present work compared with
HSLA steels.

A s shown in Section 6.9, the activation energy for recrystallization of the steels used

in this study is lower than for HSLA and stainless steels. Therefore, the value of Q
calculated from the present work was substituted into the available equations.

It is notable that the experimental values of Qrex varied from 278 kJ/mole at low str
to 253 kJ/mole at high strain. Such a strain sensitivity is not taken into account in
available models and therefore, an average value of 270 kJ/mole was used.
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O f the available models for the recrystallization time in the solute drag regime, the
following model (Hodgson, 1993) provided the best fit with the experimentally
measured values of t0.5. This equation is:

(n

\

tQ5 = (-5.24 + 550[^])xl0- 18 e- 4+77[Wfc] ci o 2 exp - ^
v RT J

(6.7)

However, in order to obtain the best fit with the experimental measured values of t0.s,
the right hand side of Equation (6.7) was multiplied by 5:

r05 = (-26.25 + 2750[iVZ7])xl0-18e-4+77LWJcio2 exp

where Qrex is taken as 270,000 J/mole.

OH.

RT

(6.8)

The estimated t0.s are compared with

experimentally obtained values in Table 6.2.
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Table 6.2 Predicted and experimental values of time to 50%
recrystallization (to.s)for the 0.02%Nb steel.

to.s (sec)
Temperature
(°C)

Strain

1000

0.25

10

12

0.5

1.9

1.8

0.9

0.45

0.5

0.25

30

29

0.5

5

6

0.9

1.28

1.1

0.25

92.5

80

0.5

16.86

16

0.9

4

4

950

900

Predicted by
Experimental
equation (6.8)
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6.8 Recrystallized Grain Size
The effects of strain and deformation temperature on the grain size of recrystallized
austenite in the two steels are shown in Figures 5.41, 5.42 and 5.43. These figures

indicate that the size of the recrystallized grains decreases with an increase in strain
for both steels which is in consistent with observations reported for other steels
(Barraclough and Sellars, 1979; Towle and Gladman, 1979; Sellars, 1980a).

Figure 5.43(a) indicates that the decrease in grain size with strain is approximately
linear for the niobium-free steel in the strain range of 0.25 to 0.9. For the niobium
steel, the decrease is clearly non-linear over the same strain range. This effect may be
ascribed to solute drag and/or precipitation pinning effects in the niobium steel, for
which the stored energy will probably be more important at low strain than at high
strain. Hence, few of the possible nucleation sites become operative for
recrystallization, resulting in fewer grains and larger recrystallized grains compared
with the recrystallized grain size at higher strains.

Additionally, it is evident that the deformation temperature does not have a significant
effect on recrystallized grain size. For example, the specimens of niobium-free steel
with initial grain size 310 Jim gave recrystallized grain sizes in the range 73-81 urn
after deformation to a strain of 0.5 at 850, 900, 950 and 1000°C.

The independence of recrystallized grain size on the deformation temperature in the
present work is supported by results obtained for HSLA steels and austenitic stainless
steels (Weiss et al, 1973; Barraclough and Sellars, 1979; Towle and Gladman, 1979;
Sellars, 1980a). For instance, Weiss et al. (1973) showed that the recrystallized grain
size of specimens with an initial grain size 110 urn was 55-60 urn after deformation to
a strain of 0.3 at 850, 950 and 1050°C.
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The grain size produced after static recrystallization has been predicted using
empirical equations. Some authors (Sellars, 1980a, Chandra et al, 1985) noted a lack
of influence of deformation temperature in their models and some others (Roberts et
al, 1984; Hodgson, 1993) noted an effect. The second group (Roberts et al, 1984;
Hodgson, 1993) have shown that as temperature increases recrystallized grain size
increases.

Sellars (1980a) suggested the following empirical equation for prediction of the
recrystallized grain size in C-Mn steels.

drex=Dd0°V (6.9)

where, drex : recrystallized grain size (|im)
D : constant
d0: initial grain size (ixm)
8 : true strain.
Sellars (1980a) indicated that this relationship is consistent with experimental
observations reported in the literature (Priestner et al, 1968; Le Bon et al, 1973,
1975), although the value of D varies from author to author. The values of D
determined in C-Mn steels were 0.35 (Priestner et al, 1968), 0.5 (Sellars, 1980a) and
0.83 (LeBon etal, 1973, 1975b) urn033.

The experimental recrystallized grain size and the predicted grain size of recrystalliz
austenite obtained by equation (6.9) for selected D values for the niobium-free steel
are presented in Table 6.3. As shown in this Table, the predicted grain sizes for
strains of 0.5 and 0.9 are in good agreement with experimental results for D equal to
0.83. However, for the same D value, the predicted grain size is in poor agreement
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with experimental results after deformation to a strain of 0.25. For example, equation

(6.9) indicates that the recrystallized grain size after a strain of 0.5 is 77 urn whi
within the range of 73-81 urn observed experimentally, whereas the predicted and
experimental values for a strain of 0.25 were 155 urn and 94-104 urn, respectively.

Of the equations proposed for prediction of recrystallized grain size, the following
equation (Misra et al, 1988) which has no temperature dependent term, gave the best
agreement with the experimental results.

<C=4>exp(-(1.39e + 0.74)) (6-10)

The recrystallized grain size calculated from equations (6.9) and (6.10) are compared
with the experimental values in Table 6.3.

The statically recrystallized grain size for the niobium steel studied in the current
was predicted using the Sellars equation (1980a) for niobium microalloyed steel in the
absence of strain-induced precipitates (solute drag regime). According to Sellars's
equation:

dnx=Dde°-aE™ (6.11)

where the value of constant D' has been evaluated as 0.66 (LeBon et al, 1973,
1975b), 1.1 (Kozasu etal, 1977) and 1.86 (Weiss etal, 1973) urn033.

The predictions of equation (6.11) for the niobium steel are in good agreement with
the experimental values of recrystallized grain size with the constant D' being taken
1.1. Using D'=l.l and do=310 |im, equation (6.11) predicts recrystallized grain sizes

of 129, 81 and 55 (4,m after deformation to strains of 0.25, 0.5 and 0.9, respectively.
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Table 6.3 Predicted and experimental values of recrystallized
grain size (drex) in niobium-free steel (do=310 lira). The range of
drex in the experimental values indicates the variation in drex at
various temperatures in the range of850-1000°C.

Recrystallized grain size,drex ( u m )
Strain

Equation (6.9), using

Experimental

D = 0.35

D = 0.5

D = 0.83

Equation
(6.10)

0.25

94-104

65

93

155

104

0.5

73-78

33

47

77

74

0.9

39-42

18

26

43

43

These values of drex are a reasonablefitwith the experimental values of 116-124, 7787 and 48-53 |im for the respective strains of 0.25, 0.5 and 0.9 in the solute drag
temperature range of 900-1000°C.

Comparison of the recrystallized grain sizes of the niobium-free and niobium steel
with the same initial grain size, indicates that for a particular strain and temperature
range, the recrystallized grain size was smaller in the niobium-free steel than in the
niobium steel. For instance, the niobium-free steel had a recrystallized grain size in
the range 99-104 ttm after deformation to a strain of 0.25 in the temperature range of
900-1000°C, whereas the niobium steel had a recrystallized grain size of 120-128 urn
after deformation to the same strain in the same temperature range.

Furthermore, for the same initial grain size and the same strain, a smaller recrystalli
grain size is predicted using equation (6.9) for the niobium-free steel than is predicted
using equation (6.11) for the niobium steel. This effect can be attributed to solute
and/or precipitation effects in the niobium steel. Niobium in solution and/or in the
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form of NbC precipitation retards the rate of nucleation of recrystallization, leading t
fewer nuclei and consequently to coarser austenite grains when recrystallization is
complete.

6.9 Activation Energy for Static Recrystallization
Times to 50% recrystallization (t0.s) under certain deformation condition (strain and
temperature) for the niobium-free and niobium steels are presented in Figure 6.8.
These times (t0.s) were derived from Figures 5.23-5.26 which show recrystallization
kinetics curves on the basis of experimental results.

In some cases (e.g. prestrain of 0.5 at 1000°C), the amounts of recrystallization were
more than 50% within the quenching time (tH = 2 sec). Hence, it was not possible to
detect the time to 50% recrystallization by experiments. In these cases, to.s was
calculated using the Avrami relationship (e.g. Figure 6.5), by extrapolation of the
fractional recrystallization versus logarithm time curve to shorter times, as explained
in Section 5.6.

As it is shown in Figure 6.8, the slopes of the lines for the niobium steel change belo
a particular temperature (900°C), indicating that recrystallization is more sluggish

below this temperature. This effect is attributed to the strain-induced precipitation of
NbC in deformed austenite in this temperature regime.

The following equation (Leslie et al, 1963) was used to calculate the activation
energy of recrystallization.

f05oceexpf^l (6.12)
0.5

^

RT

j
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of temperature dependence of time to 50%

recrystallization in the niobium-free and 0.02%Nb steels
with the same initial grain size (do=310 (Ira) for the two
strains indicated.
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where, t0.5: time to 50% recrystallization
Qrex: activation energy of recrystallization including energies for
nucleation and growth
R : gas constant
T: temperature

The slopes of the lines in Figure 6.8 were used to calculate the activation energy for
recrystallization (Qrex) according to Equation (6.12). The calculated Qrex for the
niobium-free and the niobium steels at various strains are presented in Table 6.4.

Table 6.4 Activation energies for 50% recrystallization,
Qrex (kJ/mole).

Steel

0.02% N b
Nb-free

Temperature for
strain-induced
precipitation, T p

e = 0.5

e = 0.25

e = 0.5

e = 0.25

900°C

255

278

640

720

192

208

192

208

Qrex (T>Tp)

Qrex (T<Tp)

Table 6.4 indicates that the values of Qrex for the niobium-free steel are approximately
equal for strains of 0.25 and 0.5 and are about 200 kJ/mole. The slight difference in
Qrex at lower strains m a y arise because the lower strain energy at smaller strain lowers
the driving force for austenite recrystallization.

The values Qrex for the niobium steel before the precipitation of NbC were nearly
equal for strains of 0.25 and 0.5 at about 270 kJ/mole. However, Qrex increased
sharply below 900°C to 640 and 720 kJ/mole for strains of 0.5 and 0.25, respectively.

Higher values of Qrex in the niobium steel compared to the niobium-free steel at hig
temperatures are due to the effects of niobium in the form of solute on retardation of
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austenite recrystallization (solute drag effect). Further, the big differences betw
Qrex for the two steels at low temperatures is attributed to the strong effect of fine
precipitates in the niobium steel in stabilizing the deformed structure of austenite and
raising the activation barrier for recrystallization.

6.10 Prediction of Precipitation Kinetics from
Nucleation Theory

A kinetic model for precipitation in niobium microalloyed steels has been detailed
Dutta and Sellars (1987).

These workers found a good agreement between the

predicted precipitate kinetics and those observed experimentally. Since the kinetic
model of Nb(C, N ) precipitation derived by Dutta and Sellars (1987) is based on
thermodynamic considerations and diffusion controlled nucleation theory for niobium
in austenite, this model can be adapted for N b C precipitation in the current work.

The main reaction for carbide formation may be represented as:

Nb+C = NbC (6.13)

The equilibrium constant, K, for precipitation in the above reaction is:

K =

fhbCL_ (614)
a

NbaC

The equilibrium constant is related to the free energy of formation AG°, the entha
AH°, and the entropy AS° as follows.

AG° = AH°-TAS0 = -RT\nK (6.15)
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A s described in Section 6.2, the solubility product for niobium carbide in the steel
investigated in the present work may be taken as:

log[M>][C] = 4.55 - ^ ^

(6.16)

W h e n the reheating temperature is lower than the solution temperature, equation
(6.16) will predict the expected amount of niobium and carbon in solution under
equihbrrum conditions. At this temperature, the ratio of the actual amount to the
equilibrium amount can be defined as the supersaturation:

£

JM2|*fl2L

(6.17)

4.55

10

T

The driving force for commencement of precipitation can be determined by equation
(6.17) in which the supersaturation ratio Ks gives a measure of driving force.

Russell (1980) summarized the theoretical expressions of diffusion controlled

nucleation in solids and indicated that the steady state nucleation rate Js can be gi

as:
(
/. =

N

( A^1

^

y JD

effXa

exp
^
•a

where

- —
B J

K I

i

Js: nucleation rate in number (rn s*)

N: number of nucleation sites of a given type/unit volume
aa : lattice parameter of matrix (m)
Deff: effective diffusion coefficient of solute (mV1)
Xa: solute concentration
AGC: critical free energy for nucleus formation (J)

(6.18)
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KB: Boltzmann's constant
T: absolute temperature (K)
For NbC precipitation, the diffusion coefficients of niobium and carbon are required.
It has been found (Dutta and Sellars, 1987; Sparke et al, 1965) that in the
temperature range of interest, the diffusion of carbon and nitrogen is 5-7 times faster
than the diffusion of niobium. Therefore it was considered that the diffusion of
niobium is the rate controlling element. The effects of other elements on the diffusion
coefficient of niobium in austenite were investigated by Kurokawa et al. (1983), who
found only marginal effects of elements such as silicon and manganese.

It has been shown that the lattice parameter mismatch between niobium carbonitride
and the austenite parent phase is about 23% (Dutta and Sellars, 1987; Goldschmidt,
1961). Thus, carbonitride and carbide precipitates would be expected to be
incoherent, or semicoherent with the parent matrix. For incoherent nucleation
(Russell, 1980):

AGc=i^ (6.19)

where, AGC: the critical free energy for nucleus formation
y: particle/ matrix interfacial energy
AGV: volume free energy
The factor/is a modifying factor which is applied for heterogeneous nucleation sites
such as grain boundaries or dislocations. The value of volume free energy AGV is a
function of the supersaturation ratio (Dutta and Sellars, 1987; Russell, 1980) i.e.

fRT\
In*.

AG, = -

vK,y

(6-20)
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where Vm is the molar volume of niobium carbide (n^mole"1).

Substitution of

equation (6.20) into (6.19) yields an expression for AGC as follows.

,3/1/2

_i6^/vm
3R2T2(\nKJ

A G

(6.21)

B y substitution of equation (6.21) and the expression of Deff °c exp

f

n \

I RT)

into

equation (6.18), the following equation is obtained for niobium carbide.

f

/

Js = oc[M>]exp

I RT

where,

exp

16KJVJNJ

^

(6.22)

3 RT(-RT'In Ksf

a : constant of proportionality

QD : activation energy for diffusion (kJmole-1)
R : Universal gas constant
N0: Avogadro's number
Assuming that the number of nuclei per unit volume that must be found in time t for
nucleation to be detected, is N* then:

toe

N*

(6.23)

and the precipitation start time t can be rewritten using equation (6.22) as follows:

fn \
t = C[Nb] exp Qo exp

VRT)

B
3

T (lnKsf

(6.24)
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The values of Vm and y for an incoherent

3K

precipitate have been taken as being typically 1.28 x 10"5m3mol"1 and 0.5 Jm"2,
respectively (Dutta and Sellars, 1987; Aaron and Aaronson, 1970), leading to a value
ofB = 3.6xl0nK3.

A s already mentioned, the value of B has been considered for homogeneous

nucleation, but nucleation in real systems is heterogeneous. The latter behaviour lea
to a decrease in the value of B. Dutta and Sellars (1987) found experimentally that
for niobium precipitation, B was reduced by 93% which yields a value of
B = 2.5xl010K3.

The value of the constant C was calculated from experimentally determined
precipitate start times reported by Jonas and Weiss (1979) for a 0.018% Nb steel.
This calculation gave a value of C=3.32xl0"13. The shape of the curve for

precipitate start times and the nose temperature are significant in the current study

Since the variation of C can only shift the curve to shorter or longer times, the valu
of C should not be important in this part of the study.

Table 6.4 illustrates the values of the determined supersaturation ratio, Ks and the

values of the precipitation start time in undeformed austenite of the steel investiga
in this study. These values were used to draw the predicted precipitation-start-time
temperature curve shown in Figure 6.9.
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Table 6.5 Predicted precipitation start times in undeformed
austenite for the 0.02%Nb steel investigated.

Temperature

Supersaturation Ratio

Predicted Precipitation

(C)

(Ks)

Start Time (S)

725

197.63

5535.7

750

116.62

2844.5

800

43.75

958.95

850

17.92

127.4

900

7.91

655.6

925

5.39

1652.9

950

3.73

1.5X104

0.02 N b steel
1000

950 -

O
w
o

900

i~

3
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850 -
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o
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Figure 6.9

Precipitation start-time-temperature curve in undeformed

austenite calculated from equation (6.24) for the niobium
steel.
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6.11 Recovery of Hot-Deformed Austenite
Experimental results from transmission electron microscopy showed that during and
after compression, dynamic and/or static recovery occurred in the deformed austenite.
It should be noted that the regions of substructure for study were chosen only from
work-hardened areas in both non-recrystallized and partially recrystallized samples.
Typical TEM photographs showing microstructural changes in the work-hardened
regions are shown in Figures 5.44-5.50.

During deformation, a high density of dislocations is produced in the deformed

austenite grains, then during and/or after deformation , the recovery process occurs by
the migration and annihilation of dislocations and the formation of subgrains.

Deformation produced a microstructure consisting of work-hardened austenite grains
with a high dislocation density. The deformed austenite changed into cells, then
progressively into subgrains with an increasing degree of recovery. The recovered
structure depends on the deformation temperature, amount of deformation, isothermal
holding time, and niobium addition.

As shown in Chapter 4, Figure. 4.6, the flow stress increased very rapidly in the initi

stage of straining, followed by a gradual increase, and then finally establishment of a
steady state stress which depended on the deformation temperature. The fact that
there is no peak stress in the true stress-strain curves for high Z indicates the
operation of dynamic recovery instead of dynamic recrystallization in the steady state
region. A cellular structure was formed in the work-hardening region (e.g. Figures
5.48(a) and 5.49(a)), but subgrains were produced in the steady state region (e.g.
Figure 5.47(b)) which corresponds with the occurrence of dynamic recovery.
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The higher the deformation temperature, the lower the dislocation density and the
larger the subgrains (Bird et al, 1969; McQueen et al, 1977), as shown in Figures
5.44 and 5.45. As the size of the subgrains increases, they contain fewer dislocations
and have boundaries in which the dislocations are arranged in more orderly arrays
(Figures 5.44(c) and 5.45(c)). These substructural changes can be attributed to the
reduction of dislocation density arising from the effect of temperature on the
annihilation rates.

With increasing amounts of strain, dislocation density increased and a more definitive
dislocation substructure was developed (Figure 5.46). This observation confirms that,
for a constant deformation temperature, recovery occurs more readily with increasing
amount of deformation.

Comparison of the two steels at the same strain indicates that cell formation and
recovery was slower in the niobium steel than in the niobium-free steel (Figures 5.44
and 5.45) and the effect was stronger at temperatures below 900 °C (e.g. Figures 5.44
and 5.49). In the niobium steel, recovery and subgrain formation are retarded by the

stabilization of cell and subgrain boundaries due to the solute niobium drag effect at
high temperatures and the strain-induced precipitation of niobium carbide at low
temperatures (Jonas and Akben, 1981; Yamamoto etal, 1982).

The results obtained from low load hardness tests for both the niobium-free and
niobium steels after deformation to a strain of 0.25 and selected isothermal holding
times at 850°C is shown in Figure 5.51. The results indicated a continuous decrease
in hardness with holding time for the niobium-free steel, whereas the niobium steel,
following a hardness decrease with holding time up to 12 sec, showed a sharp
increase before a decrease with increasing holding time.
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The well k n o w n Hall-Petch relationship has been used to reflect the effect of high
temperature sub-boundaries on the room temperature strength of metals (Rack and
Cohen, 1976; Thompson, 1977). According to this equation:

a

f

=cr +k.d. 2

(6.25)

where O/ is the flow stress; G0 is the friction stress opposing dislocation movement in
the grains; ks is a constant related to subgrain boundary strength (i.e. stress

concentration required to active or unpin dislocation sources on the opposite side of
the boundary); and ds is the subgrain diameter.

Abson and Jonas (1970) found that the flow stress in equation (6.25) can be
converted to Vickers hardness (HV) using the relationship:

HV = 6af

(6.26)

where <5f is expressed in kgf/mm .

These workers (Abson and Jonas, 1970) also modified the Hall-Petch relationship in
terms of hardness values as:

H = H0+klds-m (6-27)

where H0 and h are empirical constants and ra is a constant having a value between 1
and 2, depending on the material.

In Figure 5.51, the decrease of hardness with isothermal holding time for niobium-fr

steel is due to the recovery process which results in an increase in subgrain size a
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decrease in the density of dislocations in the subgrain interiors. Clearly, as the
subgrain size increases, Equation (6.27) predicts a lower hardness value, consistent
with the experimental results.

Thin foil micrographs showing the effect of isothermal holding time on substructure
formation and the progress of recovery in the niobium-free steel are given in Figure
5.48. Figure 5.48(a) shows that a high density of dislocations was present in the
sample which was quenched within 2 sec. By holding the specimens at the
deformation temperature, the initial cellular structure changed progressively to a
subgrain structure (Figure 5.48(b)). As the holding time increased, the subgrain walls
became sharper with more regular dislocation arrays (Figure 5.48(c)).

Figure 5.51 illustrates the higher values of hardness for the niobium steel compared to
the niobium-free steel after isothermal holding times of 2, 5, and 12 sec. Transmission
electron microscopy failed to detect NbC precipitation for the above holding times.
Therefore, the higher hardness values (about 3 hardness points) and the retardation of
austenite recovery for holding times up to 12 sec cannot be due to strain-induced
precipitation and can only be attributed to the niobium in solution causing higher
retained strain compared with the niobium-free steel.

Figure 5.49(a) is a thin foil micrograph showing a tangle of dislocation in a sample of
the niobium steel which was quenched within 2 sec. Comparison of Figures 5.48(a)
and 5.49(a) indicates a higher dislocation density in the niobium steel compared to the
niobium-free steel. Basically, alloying elements increase the rate of dislocation

generation and multiplication, leading to higher dislocation densities for an equivalen
strain. Furthermore, tangle and cell formation are expedited to some extent and this is
often followed by a smaller final cell size (Baird and MacKenzie, 1964; Blakemore,
1966).
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It has been proposed ( M c Q u e e n and Jonas, 1975) that solute additions can hinder
dislocation climb by altering the binding energies which tie vacancies to solute atoms.
Furthermore, solute additions can cause the dislocations to extend more readily into
partials separated by a ribbon of stacking fault. The extension of the dislocations
makes climb and cross-slip more difficult and causes nodes which are more resistant
to unpinning, leading to the retardation of recovery by the motion of the dislocation
networks.

By holding the samples of niobium steel for times longer than 12 sec, the hardness
curve exhibited a peak and then the hardness values decreased slightly as the holding
time increased to 780 sec. Transmission electron microscopy detected very fine NbC
precipitates after 22 sec holding time (see for example, Figure 5.54). These particles
were slightly coarsened on increasing the time to 780 sec.

For holding times in excess of 12 sec, the niobium steel showed an increment in
hardness of about 10 points compared with the solute hardening regime. The peak
hardness values after 22 and 40 sec holding time (Figure 5.51) are due to the
precipitation hardening effect of a relatively high volume fraction of fine NbC
precipitates (1-3 nm), Figure 5.54. In addition, the maintenance of higher hardness
values after the peak compared to the solute drag regime is attributed both to the
dispersion hardening effect of NbC precipitates and their pinning effect on
dislocations and the dislocation networks (Figure 5.55).

Electron microscopy indicated that holding times of 40 to 780 sec (e.g. Figures
5.49(b) and 5.49(c)) were associated with lower recovery rates compared with the
holding range 2 to 12 sec, for which strain-induced precipitates appeared to be absent.

These observations indicate that the retarding effect due to strain-induced precipitates
of NbC is much higher than that of solute niobium on the progress of recovery. For
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example, after a prestrain of 0.25 at 850°C, subgrains were well developed after an

isothermal holding time of 40 sec for the niobium-free steel (Figure 5.48(c)), while i

the niobium steel, (even after 240 sec) the substructure was poorly developed (Figure
5.49(c)). The presence of strain-induced precipitates can inhibit dislocation
movement and stabilize networks of sub-boundary dislocations, resulting in
retardation of recovery (Leslie et al, 1963; Humphreys and Martin, 1968; Lombry et
al, 1980).

6.12 Kinetics of NbC Precipitation
To investigate the kinetics of niobium carbide precipitation in work-hardened

austenite, thin foil and extraction replica techniques were used. The formation of Nb
rich precipitates was confirmed by the EDX technique (Figure 5.4). Furthermore, the

analysis of several diffraction patterns indicated that the particles are NbC precipi

(e.g. Figure 5.5). It was difficult to obtain diffraction pattern from very small par
(less than 5 nm) of NbC and to distinguish precipitate contrast from that of
dislocations, the tilting technique was used.

The kinetics of NbC precipitation and the time to start precipitation were theoretica
and experimentally determined in the present work. It was predicted from nucleation

theory that the nose of the precipitation start curve should be at 850°C (see Section
6.10). This result was consistent with the experimental results obtained from the
electron microscopical studies of thin foil specimens.

Sellars (1984) collected the results from several workers on the time to the start of
NbC and Nb(C,N) precipitation in austenite (Figure 6.10). These results indicate that
the agreement among the published results is poor. However, most studies have
shown that overall precipitation behaviour appears to conform to C-curve behaviour
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with the nose of the kinetic curve placed between 850-950°C, and commonly taken as
900°C. The discrepancies among the results of different workers may be based on the
wide variety of techniques which has been used to study the precipitation kinetics,
such as hardness testing (LeBon et al, 1975b; Ouchi et al, 1977; Jizaimanu et al,
1974), X-ray diffraction (Davenport et al, 1977), quantitative electron microscopy
(Yamamoto et al, 1982), and flow curve analysis (Weiss and Jonas, 1979; Michel and
Jonas, 1981).

The lower position of the nose of the kinetic curve for the present case (850°C)
compared to that for the microalloyed steels (an average temperature of 900°C) may

indicate that the high nickel content in the steel investigated has shifted the kineti
curve nose to the lower temperature.

It was found in the present investigation that the strain-induced precipitation is

sensitive to the amount of prior strain. The time to start precipitation at the kineti
nose (850°C) was 22 sec and 5 sec after deformation to strains of 0.25 and 0.5,
respectively. As the prestrain increased, the time to start precipitation decreased.
This behaviour is due to the higher driving force for precipitation in deformed

austenite. This result is consistent with the results of LeBon et al. (1975b) shown in
Figure 6.10, and the results of Hoogendorn and Spanraft (1977).

A comparison of the reported precipitation-start curves (Figure 6.10(b)) for strain-

induced precipitation with precipitation in the undeformed austenite indicates at leas
two orders of magnitude difference in the time to start precipitation for a given
temperature.

It was observed in the present work that the distribution of NbC precipitates in the
work-hardened regions is localized (e.g. Figures 5.53 and 5.55). This effect is due to

the large initial grain size of the samples, and the associated formation of localized
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T h e localized regions for precipitation were grain

boundaries, dislocation tangles, and subgrain boundaries which provide preferential
nucleation sites for NbC precipitation.

It was observed that strain-induced NbC particles form at austenite grain boundaries
in the initial stage of precipitation. Intragranular precipitation of NbC particles then
takes place on dislocations and subboundaries. Since grain boundaries have high
surface energies, they are preferential nucleation sites for NbC precipitation. Subgrain
boundaries are also potent sites for nucleation compared to single dislocations and
dislocation tangles within the subgrains. This difference leads to the presence of
larger precipitates on grain and subgrain boundaries, and smaller precipitates within
the matrix (Figure 5.53). The formation of strain-induced precipitates at grain
boundaries in the initial stage of precipitation has also been reported by Hansen et al,
(1980) and Crooks etal, (1981).
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6.13 Retardation of Recrystallization by Strain-Induced
Precipitation

The occurrence of strain-induced precipitation after deformation can interact with the
recrystallization process, causing retardation of recrystallization. A s discussed in
Section 5.2, the solution temperature for N b C particles in the steel investigated is
about 1050-1100°C. This means that precipitation is possible at lower temperatures.
O n the other hand, since static recrystallization is a thermally activated process, the
kinetic of recrystallization decrease with decreasing temperature.

Based on the experimental results, the recrystallization start diagrams for the niobium
free and niobium steels are presented in Figure 6.11 for a strain of 0.25. Furthermore,
by assuming that the shapes of the C-curves for the strain-induced precipitation and
for precipitation in undeformed austenite (Figure 6.9) are the same; and using the time
to the start of precipitation at the C-curve nose from the experimental data, the Ccurve for strain-induced precipitation of N b C can be estimated, Figure 6.11.

The interaction between recrystallization and precipitation has been described using
the recrystallization/ precipitation/ temperature/ time ( R P T T ) diagram by L e B o n et al.
(1975b) and Hansen et al. (1980).

The schematic R P T T diagram proposed by

Hansen et al. (1980) is presented in Figure 6.12. The diagram shown in Figure 6.11
which was obtained from the experimental results for the steel investigated is
consistent with the diagram in Figure 6.12. The temperature, T 0 , in Figure 6.12 is the
solution temperature above which all N b C and/or Nb(C,N) precipitates are dissolved
in solution, and T R corresponds to the temperature below which precipitation starts
before recrystallization.
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Three interaction regimes are possible in the R P T T diagram proposed by Hansen et
al. (1980). In regime 1 (Figure 6.12), recrystallization is completed prior to the start
of precipitation. Therefore, no interaction is expected between precipitation and
recrystallization in this temperature region. Since precipitation takes place in the
recrystallized austenite, the start of precipitation follows the curve for precipitation
undeformed austenite (Ps) and not the curve for strain-induced precipitation (PSD).

In regime 1, the start of recrystallization can be influenced by the solute elements
present in the steel. Figure 6.11 indicates a retardation effect on the start of
recrystallization at temperatures above about 900°C for the niobium steel compared
to the niobium-free steel. Since no precipitates were observed by transmission

electron microscopy before the start of recrystallization in this regime, and the initial

grain sizes for the two steels were the same, the retardation of recrystallizatuin in this
temperature region results from the solute drag effect of niobium atoms. Figure 6.8
and Figure 6.12 indicate that static recrystallization in the niobium steel was retarded
when niobium was in solution by approximately an order of magnitude compared to
the niobium-free steel. The retardation effect of solute atoms of niobium on the onset
of recrystallization observed in the present study is consistent with the observations
made by Yamamoto et al. (1982) for HSLA steels. Some workers (Michel and Jonas,
1981; and Yamamoto et al, 1982) proposed that the degree of solute drag can be
described by the differences in atomic size and electron structure.

In regime 2, precipitation occurs after recrystallization and so the progress and the
end of recrystallization are delayed because of strain-induced precipitation.
Therefore, in this stage, precipitation starts along the PSD curve, but recrystallization

starts along the Rs curve, and, the recrystallization finish curve is shifted to the right
(the RFD curve).
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In regime 3 (the temperature range below T R ) , precipitation occurs prior to

recrystallization. Therefore, both the start and finish of recrystallization are retarded
due to the presence of strain-induced precipitates. In this stage, precipitation starts
along Ps° and recrystallization starts and ends along Rsp and RFP, respectively. When
precipitation occurs before recrystallization, the most effective retardation of
recrystallization takes place, due to the existence of an abundance of nucleation sites
for precipitation in the unrecrystallized (work-hardened) austenite leading to the
production of a high volume fraction of fine strain-induced precipitates, which
effectively retard recrystallization.

A significant retardation of the start of recrystallization for the 0.02%Nb steel
compared to the niobium-free steel (Figure 6.11), in regime 3, indicates a major role
of strain-induced precipitates of NbC on the austenite recrystallization. It was
observed that dislocations, subgrain boundaries and grain boundaries are the
preferential sites for nucleation of strain-induced NbC precipitates (Figures 5.535.58). The very small precipitates (1-3 nm) pin subgrains and grain boundaries,
resulting in the retardation of recrystallization.

The effects of NbC precipitates on the progress of recrystallization in the present
work are shown in Figure 6.8, where a comparison is made of the times to 50%
recrystallization for the 0.02%Nb steel and the niobium-free steel. It is clear in this
figure that a considerable retardation of recrystallization has occurred in the niobium
steel, for the temperatures at which strain-induced NbC precipitates were formed
(< 900°C).

Observations by TEM of thin foils indicated the presence of NbC in contact with the
migrating recrystallization interface, as shown in Figure 5.57. The amount of
recrystallization which had occurred in the specimen shown in Figure 5.57 was about

Chapter Six

Discussion

252

6 0 % . It is evidence that the recrystallized-unrecrystallized interface has been pinned
by the precipitates. Furthermore, the boundary has a curvature between the pinning
precipitates towards the unrecrystallized region (Figure 5.57(a)).

Comparison between the number density of precipitates present in the recrystallized
and unrecrystallized grains indicates a decrease in the number density of the
precipitates in the recrystallized grains (Figure 5.58). However, the volume fraction
of precipitates in two regions were found to be similar. The dispersion of the NbC
precipitates in the recrystallized grains was observed to be much less homogeneous
compared to those in the unrecrystallized regions (Figures 5.58 and 5.59). Similar
observations were made by Jones and Ralph (1975) and Dunne (1982), who studied

the role of precipitates on recrystallization in an austenitic stainless steel and an Fe
C steel, respectively.

The observations made for the steel investigated indicate that the majority of the NbC
precipitates dissolve and some of them grow when they contact the migrating
recrystallization interface. It has been shown (Gleiter and Chalmers, 1972; Jones and

Ralph, 1975) that the critical size of precipitates to be stable in the recrystallization
interface depends on factors such as temperature, the structure of the interface, the

energy of the interface at the precipitate and in the vicinity of the precipitate, and th
size and spatial distribution of neighbouring particles in contact with the interface.
The longevity of the pinning process will be determined by the coarsening kinetics of
the interfacial particles and will therefore depend on time, temperature and grain
boundary diffusion rates.

Measurements of the mean particle size in the unrecrystallized and recrystallized
regions indicated a considerable difference in the mean diameters of particles in these
two regions. For instance, for the specimen deformed to a strain of 0.5 and
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isothermally held at 850°C, precipitates in the unrecrystallized regions had a mean
diameter of ~3 nm. For the same conditions, precipitates incorporated into
recrystallized regions had a mean diameter of -11 nm. The larger particle size
indicates marked coarsening by grain boundary diffusion in the interface between
unrecrystallized and recrystallized grains.

When the precipitates in contact with recrystallized-unrecrystallized interfaces have
increased to a size and spacing which exceed the critical values, they permit the
unpinning of the recrystallization interface, allowing its migration into the
unrecrystallized region. Jones and Ralph (1975) proposed that this migration occurs
under the driving force provided by the stored energy difference and the high local
boundary curvature produced around the particles.

• • @6&fit&i Seven
7. CONCLUSIONS

The present investigation involved studies of isothermal recovery, recrystallization
and precipitation in a niobium-containing austenitic steel and a reference niobium-free
steel after single pass uniaxial hot compression. O n the basis of the analysis of the
experimental results, the main conclusions are as follows.

1. Normal and abnormal grain growth were observed upon reheating of the
niobium-free and niobium steels, respectively. The abnormal grain growth of
the niobium steel at 1100°C is due to the dissolution of small niobium carbide
particles in the austenite.

2. Recrystallization was confirmed to be strongly temperature and strain
dependent. Higher deformation temperatures and strains lead to an increased
rate of recrystallization, and the critical reduction for recrystallization increases
as the deformation temperature is lowered.

3. The recrystallization data fitted Avrami kinetics with a linear relationship
between log ln [1/(1-A)] and log (time) for a given temperature and strain.
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4. Similar values for the Avrami equation exponent, k, for the niobium steel in the
solute drag regime and for the niobium-free steel indicate that niobium in
solution does not change the nature of the recrystallization process. However,
the niobium solute atoms can interact with dislocations, leading to retardation of
recrystallization and displacement of the linear Avrami relationship to longer
times.

5. The lower value of the Avrami equation exponent, k, for the niobium steel in
the precipitation regime (k=0.9) compared to the solute drag regime (k=1.5) is
due to the precipitation of niobium carbide particles on the dislocations, grain
and

subgrain boundaries, which decreases the rate of nucleation of

recrystallization and the rate of growth of recrystallized grains.

6. A published mathematical model for the recrystallization kinetics of niobium
bearing

HSLA

steels has been

modified to successfully

predict the

recrystallization kinetics for the analogue alloy in the solute drag regime as a
function of temperature, strain and niobium content.

7. Both niobium in solution and strain-induced niobium carbide precipitates
increase the incubation time as well as the time for completion of
recrystallization. The retarding effect of strain-induced N b C on the progress of
recrystallization is m u c h more marked than that of solute niobium.

8. The hot compression tests indicated that steady state dynamic recovery
occurred during deformation to high strains, and that for all strains static
recovery proceeded after straining, prior to the onset of static recrystallization.

9. The higher hardness values and the suppression of recovery in the niobium steel
were attributed to the dissolved niobium and strain-induced precipitates of
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niobium carbide. However, the effect of the precipitates w a s found to be m u c h
stronger.

10. The solute niobium exerted a drag effect on dislocation motion in austenite,
leading to a higher retained dislocation density, and to retardation of recovery
relative to the niobium-free steel.

11. It was found that on holding, a relatively high volume fraction of fine niobium
carbide precipitates formed on the subgrain boundaries of deformed austenite.
The precipitation hardening effect of strain-induced NbC, in combination with
their pinning effect on dislocations, led to higher hardness values and more
effective suppression of recovery compared to the solute drag effect of niobium.

12. The values of activation energy for recrystallization (Qrex) for the niobium steel
were higher than for the niobium-free steel due to the effects of niobium in the
form of solute and/or precipitates. The values of Qrex for the niobium steel in
the precipitation regime (<900°C) were found to be significantly higher than for
the solute drag regime (>900°C). This effect is due to the strong stabilization of
the deformed structure of austenite by precipitation of NbC.

13. The combination of results from optical, scanning and transmission electron
microscopy indicated that grain boundary nucleation dominated in the early
stages of recrystallization, preceded by the development of grain boundary
serrations resulting from local thermally induced grain boundary motion to
partially reduce the high level of strain energy stored in the boundary region. It
is proposed that nucleation of recrystallized grains occurs by subgrain
coalescence within heavily deformed pockets between grain boundary serrations
produced by limited strain induced boundary motion.
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Electron diffraction from T E M and electron back scattering diffraction from

SEM indicated that recrystallized grains formed at the boundary between two
deformed grains had a high misorientation relative to each of the two
neighbouring grains. These results demonstrate that the recrystallization
mechanism is not strain-induced grain boundary migration (SIBM).

15. For a strain >0.5 both grain and twin boundary nucleation were observed and,
in addition, intragranular nucleation occurred in heavily deformed zones
adjacent to the boundaries by subgrain growth or coalescence.

16. In the cases of nucleation at grain boundaries and twin boundaries, most of the
nucleated grains tended to grow into only one of the two deformed grains,
depending on the relative degree of work hardening.

17. Nucleation of new recrystallized grains was localized and inhomogeneous as a
result of the large starting grain size and the inhomogeneous nature of the
deformation. The majority of recrystallized grains contained recrystallization
twins which is consistent with the low stacking fault energy of the steels
investigated.

18. Deformation bands in heavily deformed austenite were observed to provide
nucleation sites for recrystallized grains. This phenomenon was observed in the
present case only after deformation to a strain of 0.9. However, not all
deformation bands acted as nucleation sites, probably because of variations in
the associated strain energy.

19. The recrystallized grain size increased with decreasing strain, but only slightly
with increasing temperature. The recrystallized grain size data for the niobiumfree and niobium-containing steels were found to be closely predicted by
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equations proposed for statically recrystallized austenite in C-Mn and niobium
steels, respectively.

20. For the same initial grain size and the same strain, a smaller recrystallized grain
size w a s observed for the niobium-free steel than for the niobium steel. This
effect is attributed to solute and/or precipitation effects in the niobium steel
which retard the rate of nucleation of recrystallized grains, leading to fewer
nuclei and, consequently, coarser austenite grains on complete recrystallization

21. A model for predicting precipitation start time of niobium carbonitride
precipitation in niobium microalloyed steels has been developed to predict the
precipitation start times for niobium carbide precipitation in austenite in the steel
investigated in the present work.

This model is based on fundamental

thermodynamics and diffusion controlled nucleation theory.

22. The preferential sites for precipitation are dislocations, subgrain boundaries, and
grain boundaries. Small strain-induced precipitates (<3nm) can suppress static
recrystallization by the pinning of subgrain boundaries and grain boundaries.
Formation of strain-induced precipitates is significantly accelerated with
increasing strain.

23. Coarsened precipitates were observed in the recrystallized regions as a result of
the migration of the recrystallization interface.
unrecrystallized-recrystallized

interface

until

Precipitates pin the

coarsening

by

preferential

dissolution of fine particles permits the unpinning of the recrystallization front,
allowing its migration into the unrecrystallized region.
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and then water quenched within 2 sec.
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Figure 5.35 Optical micrographs showing deformation bands in the 0.02%Nb
steel, (a) 0.5 strain and 7 sec hold at 900°C, (b) 0.9 strain and 2
sec hold at 850°C
Figure 5.36 Optical micrograph showing formation of recrystallized grains
within deformation bands in the niobium-free steel, for a strain of
0.5 and holding 2 sec at 9 5 0 © C

162

I63

Figure 5.37 Optical micrograph showing formation of recrystallized grains at
the unrecrystallized-recrystallized interface in the niobium-free
steel, deformed to a strain of 0.5 at 9 5 0 © C , and then water
quenched within 2 sec
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Figure 5.38 T E M micrographs showing the formation of a recrystallized grain
in the niobium-free steel, deformed to a strain of 0.9 and held
2 sec at 950(DC (a) A recrystallization nucleus formed within
subgrains in association with a pre-existing grain boundary, (b)
Several subgrains in a grain adjacent to the recrystallized grain in
(a), (c) S A D P taken from the recrystallized grain in (a) (zone axis
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Figure 5.39 (a) SEM micrograph showing a recrystallized grain (R) formed at
a pre-existing grain boundary, (b) indexed electron backscattering diffraction pattern ( E B S D P ) of the recrystallized grain
in (a)
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Figure 5.43 Effect of strain on the grain size of recrystallized austenite for (a)
niobium-free steel and (b) 0.02%Nb steel, at various
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Figure 5.44 TEM micrographs showing the effect of deformation temperature
on substructure formation of work-hardened austenite. Structure
of the direct quenched niobium-free steel with an applied strain of
0.5. (a) 850°C, (b) 900°C, (c) 1000°C
Figure 5.45 TEM micrographs showing the effect of deformation temperature
on substructure formation of work-hardened austenite. Structure
of the direct quenched 0.02%Nb steel with an applied strain of
0.5. (a) 850°C, (b) 900°C, (c) 950°C
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Figure 5.46 TEM micrograph showing the effect of strain on substructure
formation of work-hardened austenite. Structure of the direct
quenched niobium-free steel deformed at 850°C (a) £ = 0.25, (b)
e = 0.9
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Figure 5.47 T E M micrograph showing the effect of strain on substructure
formation of work-hardened austenite. Structure of the direct
quenched 0.02%Nb steel deformed at 9 5 0 ° C (a) £ = 0.25, (b)
£ = 0.9
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Figure 5.48 TEM micrograph showing the time rate of progress of
substructure formation in the niobium-free steel, compressed to a
strain of 0.25 at 8 5 0 ° C (a) t = 2 sec, (b) t = 22 sec, (c) t = 40
sec
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Figure 5.49 TEM micrograph showing the time rate of progress of
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strain of 0.25 at 850°C (a) t = 2 sec, (b) t = 40 sec, (c) t = 240
sec
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Figure 5.52 Carbon extraction replica micrographs of NbC precipitates
observed in samples deformed to a strain of 0.25 and held
isothermally at 850°C for holding times of (a) 22 sec, (b) 450 sec,
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Figure 5.53 TEM micrographs showing the presence of NbC precipitates at
boundaries in deformed austenite, and small precipitates in the
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strain of 0.25 and isothermally held 40 sec at 850°C
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Figure 5.56 TEM micrograph of a thin foil specimen, illustrating the pinning
effect of N b C precipitates on a subgrain boundary. The specimen
was deformed to a strain of 0.25 and isothermally held 120 sec at
850°C
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Figure 5.57 T E M micrographs showing the pinning effect of strain-induced
N b C precipitates in the recrystallizing interface. The specimen
was deformed to a strain of 0.5 and isothermally held 450 sec at
850°C
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194
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recrystallization in the niobium-free and 0.02%Nb steels with the
same initial grain size (do=310iim). The steel samples were
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Figure 6.4 Progress of static recrystallization in the niobium-free and the
niobium steels ( d o = 3 1 0 u m ) . The steel samples were reheated,
compressed to a strain of 0.5 and held at the specified
temperatures
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Diagram showing the effect of deformation temperature on the
progress of recrystallization according to the Avrami relationship,
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Figure 6.6 Diagram showing the effects of niobium and strain on the Avrami
relationship for niobium-free and 0.02Nb steels strained at
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pocket between bulges
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